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ABSTRACT 


This -investigation includes experimental measurements of 
canopy! attenuation at 10.2 GHz (X-band) for canopies of wheat and 
soybeans, experimental observations of the effect upon the 
microwave backscattering coefficient (tr°) of free water in a 
vegetation canopy, and experimental measurements of cr° (10.2 GHZ, 
50°, VV and VH polarization) of 30 agricultural fields over the 
growing season of each crop. The measurements of the canopy 
attenuation through wheat independently determined the attenuation 
resulting from the wheat heads and that from the stalks. An 
experiment conducted to simulate the effects of rain or dew on cr° 
showed 'that a 0 increases by about 3 dB as a result of spraying a 
vegetation canopy with water. The temporal observations of a° for 
the 30 agricultural fields (10 each of wheat, corn, and soybeans) 
indicated that fields of the same crop type exhibit similar temporal 
patterns. Models previously reported were tested using these 
mutli temporal o° data, and a new model for each crop type was 
developed and tested. The new models proved to be superior to the 
previous ones. 
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1.0 INTRODUCTION 

A remote-sensing instrument— such as radar— mounted on a 
spaceborne platform offers enormous scientific and nonscientific 
potential. Tasks heretofore thought impossible now are becoming 
feasible on a global scale because of such systems. One of the 
applications for which spaceborne remote sensing seems custom-made 
is environmental monitoring. This includes but is not limited to 
monitoring snow coverage, sea-ice coverage, and land-use patterns, 
as well as determining the areal extent of vegetated land. 

Sensors operating in various parts of the electromagnetic 
spectrum have been utilized for various applications. The more 
common sensors operate in the optical, thermal -infrared, 
millimeter, and microwave regions of the electromagnetic 
spectrum. Each sensor band or channel operates at a different 

wavelength and receives new information about the target by virtue 
of its spectral properties. Hence, an optical sensor operating 
alongside a microwave sensor can provide helpful supplementary 
data about the target being observed. 

1.1 Radar as a Remote Sensing Tool 

A sensor operating in the microwave region has certain 
advantages over one operating In the optical /thermal infrared 

region. The most widely known advantage is exemplified by the 

♦ 

all-weather capability of radar sensors, i.e.» the capacity of 
microwaves to penetrate clouds and precipitation without much 
attenuation. While this is certainly useful, there are other 
reasons that, radars <5re good remote-sensing instruments. Because 
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of the wavelengths involved, microwaves can penetrate a variety of 
land-cover types to some extent, thus providing information on 
coyer height or thickness, background material, etc. In addition, 
because radar provides its own source of illumination, both 
incidence angle and polarization can be regarded as free 
parameters to be optimized along with frequency or wavelength for 
a specific application. 

The application to be investigated in this study is the use 
of radar as a remote sensor of vegetation, specifically, 
agricultural crops. 

1.2 Agricultural Monitoring 

From the standpoint of the user, desirable radar capabilities 
include the identification of crop type, the determination of 
where and to what extent plants within a given field are 
undergoing stresses that may have an impact on yield, and finally, 
the prediction of final yield. In order to provide such 

information, an understanding of the physical parameters affecting 
the quantity representing the sensor's output, a 0 , is needed. 

Investigators (Brisco and Protz, 1980; Bush and Ulaby, 1978) 
have examined the effectiveness of microwave remote sensors 
(primarily radar) as target discriminators, i.e., the ability of 
radar to distinguish urban areas from forest from farmland. 

4 

Further breakdown into crop types is possible in some cases, as a 
result of a crop's temporal "signature" (not to be confused with 
spectral signature). As examples of these "signatures," Figures 
1.1 and 1.2 show temporal histories of a 0 from wheat. Figure 1.1 
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shows the temporal variation of a 0 from a winter wheat field in 
Manhattan, Kansas as measured at 13 GHz with a 50° incidence angle 
and VV polarization. For comparison purposes, the temporal 
behavior of the green leaf area index (LAI) is presented in the 
same plot. Figure 1.2 shows the temporal variation of a 0 from a 
spring wheat field In France as measured at 9 GHz with a 40° 
incidence angle and VV polarization. Again the accompanying LAI 
is presented as well. Note the similarities in the temporal 
behavior of a 0 , i.e., both exhibit an early peak followed by a low 
period followed by an increase in a 0 . Notice also the coincident 
Increase in LAI followed by its decrease, which corresponds to a 
similar behavior in o°. Differences are also apparent, e.g., 
whereas the peak level of LAI from the Kansas field is about 8, 
the peak from the French field is only about 4. Yet the peak in 
a 0 from Kansas is about 0.23 m 2 m“ 2 or -6.4 dB, whereas the peak 
in o° from France is about +2 dB or 1.6 m 2 m“ 2 . This difference 
may be a real one, although some of it is certainly due to 
calibration differences. Overall, it may be shown that wheat has 
a definite temporal signature, although at this point it is not 
known whether it is a unique one. 

Another example of a crop's temporal signature is depicted in 
Figure 1.3. The temporal behavior of o° of corn for two 

consecutive years (1975 and 1976) at 14.2 GHz, 50° and 60° 

* ’* 

incidence angles, and HH polarization is shown. If we ignore the 
difference in incidence angles and proceed- with our comparison, we 
see strikingly similar patterns, though some differences are also 
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Figure 1.1 Temporal history of oft, (13 GHz, 50°) and LAI from 
Manhattan, Kansas, as reported by Ulaby, et al. 
(1984). Stage of growth is Indicated by Feekes' 
scale (Large, 1954). 
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Figure 1.2 Temporal history of ofa {9 GHz* 40°) and LAI 
measurements made in France (from Huet, 1983). 
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Comparison of 1974 and 1975 temporal variations of 
o° of corn over a period of four months. Also 
shown are the rainfall histories for the two years; 
the numbers next to the points on the graphs refer 
to canopy height (from Ulaby and Burns, 1976). 
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apparent. In view of these observations, it seems apparent that 
indeed there are temporal signatures which may be used in 
discrimination analyses. 

1.3 The Need for Models 

In order to use radar effectively as a remote sensing tool, 
the physics of the sensing process must first be understood. Such 
an understanding can be gained by investigations into theoretical 
electromagnetics and through extensive experimentation. The 
former provides explanations for certain observations in the 
experiments, whereas the latter verifies or refutes the proposed 
theories. Through these -efforts, theoretical models are evolved; 
yet these models can also be considered empirical because they can 
be "fitted" to experimental data. As the models become more 
accurate, specific information about the physical properties of 
the target is needed to serve as input to the models. 

When agricultural fields are used as targets, properties 
useful as inputs to these models include soil conditions, -canopy 
attenuation, and plant dielectric constant. The role of the soil 
background in radar backscattering (a 0 ) has been studied 
extensively both experimentally (Batlivala and Ulaby, 1977) and 
theoretically (Eom and Fung, 1982; Ulaby et al., 1982, 

Chapter 12), Data on canopy attenuation are very limited, 

although this state of affairs is changing (Ulaby and Jedlicka, 
1983; Van Kasteren and Smit, 1977). Similarly, the dielectric 

properties of plant parts are only now being extensively 

4 » 

studied. Theoretical models that incorporate these data have been 

■ ■■ 7 


developed to varying degrees of complexity. For example, some 
treat the entire canopy as a homogeneous layer with inclusions 
that provide a suitable albedo (related to backscattering or a 0 ) 
and attenuation, whereas others model a volume of leaves as having 
specific shapes and angular distributions. Clearly, the former 
model is more easily tested given the limited information about 
plant parameters (ground truth), whereas the latter requires 
extensive measurements and has therefore not been tested fully. 

1.4 Scope of the Investigation 

To further this line of research, this investigation included 
experimental data on canopy attenuation and a 0 from various 
canopies and attempted to extend current models in order to yield 
superior fits. An attempt to relate the temporal behavior of a 0 
to harvested yield was made, using purely empirical approaches as 
well as other appropriate methods currently in use. Finally, this 
investigation extended its findings to examine the effects of 
varying sensor properties, i.e., the effects of frequency, 
incidence angle, and polarization, on cr°. 
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2.0 CANOPY ATTENUATION MEASUREMENTS 

2.1 Introduction 


Using the microwave spectrum to monitor agricultural targets 
shows significant potential (Brisco and Protz (1980); Bush and 
Ulaby (1978)). In order to utilize this potential to its fullest 
extent, ari understanding of the interaction between 
electromagnetic energy and a crop canopy is necessary. 

The backscattering from a vegetation canopy consists of 
scattering from three sources: the direct backscattering from 

plants, the direct backscattering from soil (including the two-way 
attenuation by the canopy), and multiple scattering from 
plants/soil. A visual interpretation of these three scattering 
sources is presented in Figure 2.1a. Due to the fact that the 
multiple scattering term involves two (or more) reflections, it is 
generally considered to be insignificant when compared to the sum 
of the direct backscattering terms. For this reason, most models 
attempting to predict the magnitude of the backscattered energy 
ignore the multiple scattering term. Hence, the backscattering 
process may be visualized as depicted in Figure 2.1b. 

Empirical models with a theoretical basis, but incorporating 

measured data, have been developed by Atte'ma and Ulaby (1978), 

Hoekman et al. (1982), and Ulaby et al. (1984), among others. 

These models all have the same basic structure, i.e., the 

« 

backscattered energy received by the receiver is composed 
primarily of two components: (1) vegetation backscattering and 

(2) soil backscattering attenuated by vegetation. Mathematically, 
the models may be written in the form 
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(D Direct Backscatter from Plants 

(2) Direct Backscatter from Soil 
. (1 ncludes two-way attenuation by canopy) 

© Plant/Soil Multiple Scatter 



(a) Scattering Sources 

(T) Backscatter from Vegetation "Water Particles" 

(2) Backscatter from Soil 
^ (l ncludes two-way attenuation by canopy) 



!..! 


0 


Soil Surface 


Figure 2.1 


(b) Equivalent Cloud Model 

* 

Backscatter! ng contributions from a vegetation 
canopy: (a) scattering sources and (b) equivalent 
"cloud" representation In terms of water 
scatterers. 
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( 2 . 1 ) 



where 0 ° is the total backscattering coefficient reaching the 

CaM 

receiver, a° is that part of due entirely to backscattering 
veg Can ♦ 

by plant parts, and a° Q -^is that part of a ° an due to backscattering 
from the underlying soil surface attenuated twice by the 
vegetation canopy (hence the L 2 term). 

The part of o° an resulting from soil backscattering has been 
investigated previously (Batlivala and Ulaby 1977; Dobson and 
Ulaby 1979) and was found to be dependent on three soil 
parameters; (1) surface roughness, which may be characterized by 
an effective RMS height and correlation length, (2) soil texture, 
and (3) soil moisture. For a given field, the first two should 
not change appreciably over the growing season. The third 

parameter, however, changes on an almost daily basis. Models 
characterizing the effect of moisture changes on (for a 

given frequency, polarization, and incidence angle) take the form 
(Ulaby et a!., 1982) 


“soil " A ' exp ( B * (mV -2 ), 


( 2 . 2 ) 


where A and B are constants that incorporate the roughness and 

» ■ 

texture factors, and m s is the soil moisture content of the 
surface layer. 

Thus, the soil component of °° an is predictable, leaving o° eg 
and L as unknowns. In attempting to model these components it is 
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helpful to establish reasonable values for each. Since cr° 

can 

can be measured directly, and can be estimated, knowledge of 

one component yields knowledge of the other. 

2.2 Review of Past Results 

In the past, a number of people have attempted to measure the 

attenuation of microwave energy by plants. In 1974, Attema and 

Kuilenburg (1974) reported two-way attenuation coefficients for 

potatoes, oats, barley, and wheat ranging from 30 dB m" 1 for 

potatoes to 12 dB m" 1 for wheat. The measurements were made at X- 

band, using a 45° incidence angle and VV polarization. In 1977, 

van Kastern and Smit (1977) reported one-way attenuation 

coefficients for potatoes at six locations within a single field 

on a single day at X-band. Their values ranged from 25.4 dB m* 1 

to 63.6 dB m" 1 . They attributed this variability to the number of 

leaves present between the transmitter and receiver. 

In 1970, Story, Johnson, and Stewart (1970) reported one-way 

attenuation through wheat at 16 GHz with a 90° incidence angle 

through a canopy 5 feet wide (152 cm). From their data, which 

were acquired using wheat at the harvest point, i.e,, having about 

10% moisture content (wet basis), one-way attenuation coefficients 

were computed to be 1.1 dB m" 1 and 0.43 dB m -1 through stalks (900 

stalks per m" 2 ) at V and H polarizations, respectively, and 

« 

between 7.8 and 12.8 dB nf 1 through the heads (900 heads per 
m“ 2 ). In 1984, Ulaby and Jedlicka (1984) reported one-way 

attenuation values through corn and soybean canopies on a temporal 
basis at 10.2 GHz with a 52° incidence angle and V polarization. 
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For corn, their values ranged from about 8 dB m" 1 early in the 
season to about 5.8 dB m“ l at full canopy height (2.7 m). For 
soybeans, their values ranged from about 6.9 dB nf 1 early in the 
season (height = 20 cm) to about 22.6 dB m" 1 at full canopy height 
(102 cm). 

Lopes (1983) reported one-way attenuation through wheat 
stalks at 9 GHz with a 90° incidence angle as a function of 
polarization. The values ranged from about 23 dB for purely 
vertical polarization to about 1 dB for horizontal. 

2.3 Experiment Description 

In order to determine values for head attenuation and stalk 
attenuation in wheat under natural field conditions, measurements 
were made on 23 June 1983 on a winter wheat field in the north 
Lawrence (Kansas) area. See Table 2.1 for crop and field 
parameters. 

The equipment used in making these measurements included the 
Mobile Agricultural Radar Sensor (MARS), which is a truck-mounted 
FM-CW X-band scstterometer that operates at 10.2 GHz. The system 
is described in Gable et al. (1981) and a summary of its 
parameters are presented in Table 2.2. Also used in these 

experiments was a small (7-x 5-cm aperture) X-band horn antenna 

. < * 

connected via a detector to a logarithmic power scope comprising 
the receiver. The experiment consisted of the following steps: 
with the transmitting antenna approximately 10 m above the soil 
and transmitting at 10.2 GHz (60° incidence angle, vertically 
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Table 2.1 


Winter Wheat Attenuation Experiment 
Ground-Truth Data 


Measured a 0 (50° Incidence Angle* 10.2 GHz) 


= -15.14 dB . 
c° H = -20.74 dB 


Canopy height: 
Head length: 
Plant density: 
Row spacing: 
Head moisture: 
Leaf moisture: 
Stalk moisture: 
Soil moisture: 


105 cm 
8 cm 

900 plants 
20 cm 

45% (wet basis, gravimetric) 

16% (wet basis, gravimetric) 

63% (wet basis, gravimetric) 
20.9% (dry basis, gravimetric, 0 


Head water content: 0.437 kg m"^ 
Leaf water content: 0.034 kg m“£ 
Stalk water content: 1.173 kg 


-2 cm) 


TABLE 2.2 


MARS System Parameters 


Type 

Modulation 
Frequency: f 0 
RF Bandwidth: Af 

Transmitter Power 
IF Frequency: fjr 
Antennas: 

Height above ground 
Transmit-antenna diameter 
Cross-polarization antenna 
Transmit feed 

Beamwidths of product patterns 
(G-j-(8j<t>) * G|^ ( ( l > ) ) 


FM-CW 

Triangular 
10.2 GHz 
420 MHz 
60 mW 
22 KHz 

3.3 m 
30 cm 

standard gain horn 
dual dipole 


VV Elevation: 
Azimuth : 
VH Elevation: 
Azimuth : 
Look-Angle Range: 0 

Dynamic Range: 


3,96° 

4.31° 

5.44° 

5.14° 

20° - 80° from vertical 
50 dB 



polarized) the receiving antenna was placed in the field, within 
the main beam of the transmitting antenna. This receiving antenna 
was mounted on a structure that enabled the operator to 
continuously vary its height above the soil from T32 cm down to 
23 cm. The height of the receiving antenna was output as a 
voltage via a potentiometer. Thus, by monitoring the output of 
both the power meter and the height-voltage, information about 
attenuation versus height was available. To remove any effects 
due to antenna gain variations, the system was also calibrated 
without a canopy between the antennas at the same range and 
incidence angle. The result of this calibration was then removed 
from the data, thus leaving only the effects of the canopy. 

2.4 Results 

From six locations within the same field, separated by 
approximately one meter, canopy attenuation profiles were recorded 
under two conditions. First a profile was made under normal 

conditions. Then, from the same position, another profile was 
made of the same area, but with the wheat heads removed. A sample 
plot is shown in Figure 2.2. Notice that the profile of the 
canopy with the heads intact shows higher attenuation than the 
profile with the heads removed. Also note the strong oscillations 
in the profile that includes the heads. To examine the effect of 
the heads alone, the difference between the two curves was plotted 
against the height, of the receiving antenha. By multiplying the 
height scale by tan 0 , the x-scale was converted into horizontal 
distance from the receiving antenna in the direction towards the 
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Figure 2.2 


75 50 

Height above Soil, h (an) 

Example of data acquired using the vertical 
attenuation device. 



I 

1 


transmitting antenna. A sample plot, as described, for one of the 

* 

six locations is shown in Figure 2.3. In addition to the overall 
level of approximately 11 dB, notice the oscillatory behavior 
indicated in Figure 2.3. The spacing between peaks is roughly 
20 cm, which corresponds to the row spacing. This may be 
explained as a clustering of the heads every 20 cm, whereas in 
between, the density drops. Based on such head-attenuation values 
from all six locations, a histogram of the head attenuations was 
produced and is shown in Figure 2.4. From these data the mean 
head attenuation under these conditions was found to be 


approximately 8.3 dB, which corresponds to an attenuation 
coefficient of 52 dB nf 1 - If we assume that the attenuation 
coefficient is proportional to the imaginary part of the 
refractive index of the heads, n [J ea( j* comparisons with Story's 
data are possible. At 10% moisture, n{j ead - 0.16 at 12.2 GHz 
(Nelson and Stetson, 1976) and at 24% moisture nJJ ead ~ 0.48. In 
obtaining these values, a correction for bulk densities was made 
in accordance with Nelson (1976). By extrapolating in a linear 
fashion, at 45% moisture nj| ead ~ 0.95. Thus had Story et al. 
measured heads with 45% moisture, they might have seen attenuation 
coefficients ranging from 45 to 74 dB m -1 at 900 heads m -2 , which 
was the head density in the RSL experiment. Thus the numbers 
obtained here seem appropriate. 

In addition to information about head attenuation, stalk 
attenuation data are also available ‘from this series of 
measurements. By taking the overall attenuation due to the stalks 
(the leaves are neglected, as they contain only 16% moisture. 
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DGte: June 23, 1953 (dav 174) 
Temp: 85 ~ 90 F 


Crop Type: Winter Wheat 
Planting Density: 900 plants m 
Row Spacing: 20 cm 
Canopy Height: 105 cm 
Head Length: 8 cm 
Head Moisture: 45.4 % 


Frequency; 10.2 GHz 
Polarization: VV 
Incidence Angle: 60 Deg 


Spatial Position (cm) 

Plot of head attenuation as a function of 
horizontal position. 
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Figure 2.4 Histogram of head attenuation from all six 
locations. 
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whereas the stalks contain 63%) and dividing by the height of the 
stalks determined from each plot of attenuation versus height, an 
attenuation coefficient due to stalks is obtained for each 
location; Figure 2.5 shows these values. In addition to the 
overall magnitude, notice ' also the variability between 
locations. This is attributed to within-field variability in 
plant moisture and density, the latter being the more dominant 
factor. 

An identical experiment was tried on a spring wheat field, 
also in the North Lawrence area, on July 29, 1983. Table 2.3 
gives the crop and field parameters. By this date the canopy was 
ready for harvest, with all plant parts having moisture contents 
of only 8% (wet basis). Attenuation profiles were made under 
three conditions: full canopy, canopy without heads, and no 

canopy. Under all three conditions, at two locations, no 
difference was seen in the profiles, i.e., no measurable 
attenuation due to the canopy was taking place. 

2.4.1 Absorption Loss Factor of Canopy Stalks 

This section provides an approximate method for computing the 
absorption loss factor L|*(6,p) for a canopy of thin vertical 
stalks of . height h. The major requirement of the method is that 
the stalk's diameter be much smaller than the wavelength X, where 

■ * V* ' 

X a Xq//cJ is the wavelength in the stalk material with relative 
permittivity Thus, the size condition depends on the stalk 
diameter d» the water content of the stalk material (which in turn 
determines e y ), and the signal wavelength Xq. This means that the 
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Spring Wheat Attenuation Experiment 
Ground -Truth Data 

Measured a 0 (50° Incidence Angle, 10.2 GHz) 

- -12,53 dB 
o° H = -20.83 dB 

Canopy height: 70 cm 

Head moisture: 8.6% (wet basis, gravimetric) 

Stalk moisture: 8.1% (wet basis, gravimetric) 

Soil moisture: 2.5% {dry basis, gravimetric) 


condition is easily met for wheat stalks (d * 0.2 cm) at 10 GHz 
(Aq * 3 cm), even for very moist stalks (sy - 30). When the size 
condition is violated, the loss value obtained may still prove to 
be a useful estimate, albeit a rough one, of the true loss 
attributed to stalks. 

Parts (a) and (b) of Figure 2.6 depict, respectively, a 
horizontally polarized wave and a vertically polarized wave 
incident upon the upper surface of a dielectric slab consisting of 
thin parallel cylinders oriented along the z-axis. The parallel 
orientation of the cylinders leads to the characterization of the 
slab as an anisotropic dielectric medium with 

e a X e X + y ^ + Z e Z . ' {2.3) 

Because of azimuthal symmetry, e x = Such a medium is called a 

uniaxial crystal in optics (Born and Wolf, 1965, Ch. 14) and the 

direction of orientation of the cylinders is referred to as the 

optic axis. In the present treatment, the optic axis is parallel 

to the surface normal of the slab (z-direction). 

The dielectric components e x and e z can be related to the 

relative dielectric constants of the inclusion (stalk) and host 

materials, and respectively, and the inclusion volume 

fraction (volume of stalks per unit volume of canopy) v st by the 

« 

dielectric mixing formulas given by Polder and Van Santen. 
Specifically, for v $ ^ small (typically, v' st - 1CT 3 to 10“ 2 ) and 
= 1 (air), they become 
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Thin 

Dielectric 
Cylinders - 


4 E! 

E* 


(a) Horizontal Polarization 


(b) Vertical Polarization 


Figure 2.6 A depiction of how a number of thin, parallel 
cylinders behave as a uniaxial crystal. 



and 


e - 1 

e X - ^ = 1 + 2 V-t^Vj-) (2.4) 

3 u y A 


eZ = 1 + v st (^ v - 1). (2.5) 

Each of the above relative dielectric constants is in general a 
complex quantity, e = e 1 - je". Also, as we shall see below, s x 
and 3 are associated with the propagation of an "ordinary" wave, 
and e z is associated with the propagation of an "extraordinary" 
wave through the crystal (dielectric slab). Hence, we shall use 
the notation e* = = e Q and e z = e 0 , where the subscripts "o" 

and "e" denote ordinary and extraordinary, respectively. These 
substitutions lead to 


e 1 = 


, „ r O; - 1)0; + 1) + u;) 2 ., 
1 + 2 v st [— r-- — r 


o ; + 1) 2 + o ;) 2 


( 2 . 6 ) 


e" = 


4 V . e" 

St V 


0 ; + 1) 2 + ( s “ v ) 2 


(2.7) 


= 1 + v st [e v - 15 


( 2 . 8 ) 


.!( ^ „ f.!! 


e” = 


V 4. e" 
St V 


(2.9) 
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For stalks with a high moisture content, and ej are each larger 
than 10, in which case and e o can 4»inipl ified to 

e o * 1 + 2 v st !2 * 10) 



( 2 . 11 ) 


Since and ej increase with increasing moisture content at 

comparable rates, the above expression for eJJ leads to the result 
that ejj decreases with increasing moisture content of the 
stalks. In the limit where the stalks are "perfect conductors" 
with ej = «, we have = 0. This implies that ordinary waves 
propagate through such a uniaxial crystal with no dielectric 
loss. Since the electric field for an ordinary wave is in the x-y 
plane, it cannot induce currents in vertical wires if the diameter 
of wire is sufficiently small relative to A to be considered 
zero. Hence, there is no absorption and no conduction, i.e., 
there is no dielectric loss. 

According to the treatment of wave propagation in uniaxial 
crystals given by Born and Wolf (1965, Ch. 14), the results given 
below apply to the configurations shown in Figure 2.6. 


Horizontal Polarization 

The attenuation coefficient for a horizontally polarized wave 
(Figure 2.6(a)) is given by 
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2 IT 

“h- x 0 



( 2 . 12 ) 


where 


n" 0 = |Im {■%}[. (2.13) 

Since v 5 t is very small, eg « 1 and 

v = v°- (2,14) 

The stalk's dielectric loss factor for canopy height h is 

l*a t ( e »h) = exp(2 h sec9). (2.15) 

Vertical Polarization 

Although in the general case 9" * &' * 0, these three angles 
are approximately equal for a stalk canopy because and £q are 
each only slightly larger than 1. This is a consequence of having 
air as the background material in the canopy and of the fact that 
the volume fraction of stalks, v st , is of the order of 1G“ 2 or 
smaller. 

The attenuation coefficient for a vertically polarized wave 

i 

(Figure 2.6(b)) is 

X m 'TZ* • <*•«) 
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where 

n v ” n o cos2 0 + n e S1 * n2 6 * (2.17) 

= [Im {/T}|, (2.18) 

and n[J is given by (2.13). Finally, the dielectric loss factor 
for canopy height h is given by 

L^(Q,v) = exp(2 a h sec0). (2.19) 

Application to Experimental Data 

This model may be applied to all tfv sets of data mentioned 
earlier concerning wheat stalks: (1) this data set, (2) Story's 

data, and (3) Lopes' data. 

In the first set, wheat stalks were observed at 10.2 GHz with 
an incidence angle of 60°. The mean of measurements from six 
locations is 30.4 dB m" 1 with a standard deviation of 
12.4 dB m" 1 . From the measured plant parameters, a volumetric 
water content of ZS% was computed. Based on measurements made by 
Ulaby and Jedlicka (1983) of wheat stalks at 8 GHz, the stalks 
were found to have a dielectric of 10.81 -j4.53. By applying the 
mixing formulas reported by Polder and Van Santen (1946) and 
de Loor (1968) for needle-like inclusions comprising a volume 
fraction of 0.00363, the dielectric along the vertical or z- 
di recti on was computed to be 1.036 - jO. 01644, whereas the 


horizontal or x- or y-direction was 1.006 -< jO, 00042. Based on 
these values, the model for uniaxial media gives an index of 
refraction for a vertically polarized wave propagating at an angle 
of 60° from the optical axis of 1.014 - jO. 00611, which 
corresponds to a one-way attenuation of 21.1 dB m” 1 . The measured 
value of 30.4 dB m” 1 is within one standard deviation (12.4 dB 
nf 1 ) of the computed value. 

The next set. Story's data at 16 GHz, is for dry stalks. He 
reports the vertical attenuation coefficient to be 0.55 dB m" L , 
whereas the horizontal coefficient is 0.22 dB m -1 through a 
planting density of about 900 plants m“ 2 . Using stalk dielectric 
data at 8 GHz, modified to fit the vertical polarization data 
(0.54 dB m" 1 ), the horizontal attenuation coefficient was computed 
using the technique described above. It was found to be 0.25 dB 
nf 1 , which yields a ratio of 2.2:1 (dB) relative to the measured 
ratio of 2.5:1 (dB). It would seem that this model again proves 
sati sfactory. 

Finally, a plot of Lopes 1 data along with the modeled fit is 

shown in Figure 2.7. His aj | and ot^ correspond to extraordinary 

and ordinary wave attenuation. Clearly, the model provides close 

agreement to the measured data* Since the wave's direction of 

propagation is orthogonal to the optical axis of the uniaxial 

medium, the wave is simply decomposed into extraordinary (V 

« 

polarization) and ordinary (H polarization) components, attenuated 
appropriately, added once again, and then squared to yield the 
power. The ratio here between vertical and horizontal attenuation 
is about 20:1 (dB) or about 100:1 in real units, which is higher 
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ATTENUATION (dB) 



Figure 2.7 Data and model reported by Lopes (1983) showing how 
attenuation through wheat stalks is dependent on 
polarization. 





than Story's data by two orders of magnitude. This is due to the 
higher stalk moisture content. 

2.4.2 Absorption Loss Factor for Wheat Heads 

A similar situation is seen in the wheat-head absorption 
data. The measurements by Lopes (1983) shown in Figure 2.8 
indicate unequal attenuation through the heads at 9 GHz at a 90° 
incidence angle for V and H polarizations. This again implies a 
uniaxial-like behavior yielding a larger absorption factor for 
vertical polarization than for horizontal. Further complicating 
the situation is the fact that the heads are not as uniformly 
vertical as the stalks, and due to their larger dimensions 
(comparable to a wavelength at X-band), a substantial part of the 
attenuation may be due to scattering. .Accurate measurements b n ve 
yet to be devised to quantify the latter effect. 

Ignoring these added complexities, a computation of the loss 
due to absorption is possible. The heads may be modeled as 
prolate spheroids whose major axes are all vertically parallel. 
Again, the de Loor formula applies with the following results: 


e = l + 

m 


V h (e h - 1) 


1 * A U (*b - 0 


u = a, b, or c (2.20) 


Where 


A_ = 


1 ‘ e2 [*» (141) - 2ol 


2 e 


( 2 . 21 ) 
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FREQUENCY 9 GHz 
ANGLE OF INCIDENCE : 90 Deg 

• STALKS AND LEAVES 
o HEADS 

POLARIZATION W 

✓ 

. ^ / 





POLARIZATION HH 


NUMBER OF ROWS 

Data reported by Lopes (1983) showing a 
polarization dependence in the attenuation through 
wheat heads. 




A a = A, = (1 - A c )/2 


( 2 . 22 ) 


and 

e - [l - (a/c) 2 ] ^ \ c > a = b (2.23) 

where a and b represent the x- and y-di recti ons, and-c denotes the 
z- or vertical direction. Also, v h and are the volume fraction 
and dielectric constant of the inclusion material (heads) and the 
dielectric of the host medium (air) is 1. Eccentricity, e, is 
given in terms of the ratio of the minor axes (a and b) to the 
major axis (c). 

In applying these formulas to the 1983 experiment reported 
earlier, first it is necessary to obtain a value for e head . 
Nelson and Stetson (1976) reported values for the dielectric 
constant of winter wheat grain as a function of gravimetric 
moisture (wet basis) up to 24% over a frequency range from 250 Hz 
to 12.1 GHz. From their findings it is possible to extrapolate a 
moisture of 45% and correct for the difference in bulk density 
using the results given by Nelson (1976). From this we obtain a 
value for the head dielectric of 6.92 - J4.74. The ground-truth 
data permit calculation of the volume fraction and this is found 
to be 0.01016. Now the only variable left unknown is the 
eccentricity. Physically, the head measures about 8 cm in length 
and about 1 cm in diameter, yielding a value for a/c of 1/8. This 
variety of wheat is characterized by awns, i.e., it has hairlike 
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fibers extending from the heads in a vertical direction. If we 
include the awns in the length measurement, the a/c term is 
1/15. Using these two values, we compute values for n£ and njj of 
0.0159 and 0.0012 for the awnless case and 0.0206 and 0.0011 for 
the case with awns. 

These values, when figured for a frequency of 10.2 GHz and an 
incidence angle of 60°, yield values of vertical attenuation 
through an 8-cm layer of heads of 3.86 dB and 4.86 dB for the 
awnless case and the case with awns. The uniaxial crystal 
properties have been included in the above calculations. The 
reported value for measured attenuation is 8.3 dB with a standard 
deviation of about 3.5 dB. As neither the non-vertical head 
distribution nor the loss due to scattering has been accounted for 
a definite conclusion cannot be drawn. 

2.5 SUMMARY 

To aid in the understanding of the interaction between 
microwave energy and a vegetation canopy, measurements were made 
on a winter wheat field which demonstated that under the 
conditions described, one-way attenuation due to the heads when 
moist is approximately 8 dB at 60°, 10.2 GHz, vertical 

polarization, and attenuation due to the stalks when moist ranges 
from 15 to 48 dB m" 1 . The value of the head attenuation agrees 
with values reported previously by Story et al., after adjustment 
for moisture differences are made. The Variability- in the stalk 
attenuation is similar to that seen by van Kastern and Smit, which 
they attributed to the variations in the biomass between 
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antennas. Also, for a dry canopy (8% moisture content) no 
significant attenuation was found. 

A model" that treats the stalks (and later the heads) as 
uniaxial crystals was applied to the measured data as well as to 
previously reported data. Good agreement was shown, indicating 
that a similar mechanism may be in action. 


2.6 Sliding -Horn Experiment 

In this section, the details and results of a sliding-horn 
experiment are presented. The methodology is similar to that used 
by Ulaby and Jedlicka (1983). 

The major advantage of the sliding-horn experiment is that it 
yields a large number of independent samples, which when combined, 
provide a good estimate of the average and standard deviation for 
canopy attenuation, as shown by Ulaby and Jedlicka (1984). 

Another advantage of the sliding-horn technique is that 
attenuation can be measured as a function of horizontal position, 
which meajjs that autocorrelation and associated statistics become 
available. This is important for applications to theoretical 
models. 

2.6.1 Experiment Statistics 

The one-way attenuation through a lossy vegetation canopy has 
been modeled by Attema and Ulaby (1976) as' 

L - exp(k • h • sec0), (2.24) 

C 
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where 0 is the incidence angle relative to nadir, h is the canopy 
height, and k e is the extinction coefficient. For a lossy canopy 
With a small albedo, extinction is dominated by absorption, hence 
k„ - k a , where k a is the absorption coefficient. 

Electromagnetic theory tells us that for a dielectric 

k a = ioi, ■ (2.25) 


where 

« = k 0 |Im{/e r }| 

= k 0 n". (2.26) 

where a is the field absorption coefficient, k Q is the free-space 
wave number, ^ is the complex relative dielectric constant of the 
medium, and n" is the imaginary part of the index of refraction of 
the medium. 

The received power through a vegetation canopy at position x 
is therefore 

P r (x) = P Q exp (“2 k Q n"(x) * h(x) sees), (2.27) 

where P Q is the signal strength that would be received without an 
intervening canopy, and n" and h are canopy parameters that are 
dependent upon location. When the received power is expressed in 


* 

dB and canopy height is assumed to be independent of location, we 
obtain 

P r (x} = k x + k 2 n"(x), dB (2.28) 

where k^ and k 2 are constants for a given transmitter power level, 
incidence angle, canopy height, and frequency. 

Given the magnitude of the transmitter power, kj may be 
determined, leaving kg n“(x), attenuation in dB, as the measured 
quantity. Based on this knowledge, statistics for k 2 n' 1 may be 
determined. 

The autocorrelation for a stationary, stochastic process is 
computed as follows 

k 

A(t) = A|oy / W(x) w(x + x) dx, * (2.29) 

where W(x) is the function for which the autocorrelation is to be 
computed, and t is the displacement or lag. A(t) is normalized by 
the A(0) factor, the autocorrelation with zero lag. 

2.7 Soybean Attenuation Experiment 

On July 20, 1983, the sliding-horn experiment as described 
above was condo <, ' in : a fully-developed soybean canopy. 
Table 2.4 lists the: measured ground-truth' conditions for this 
field on this day, as well as measured <s° data. Figure 2.9 shows 


TABLE 2.4 




Soybean Attenuation Experiment 
Ground-Truth Data 


DATE: July 20, 1983 (Day 201) 


TEMPERATURE: 95 - 100°F 

Crop Type: 

Canopy Height: 
Planting Density: 
Plant Spacing: 

Row Spacing: 

Percent Cover: 

Soil Moisture: 

Leaf Moisture: 

Stalk Moisture: 

Leaf Fresh Biomass: 
Stalk Fresh Biomass: 


Soybeans 
82 cm 

26 plants m“ 2 
5 cm 
74 cm 
90 - 95% 

3.7% (0 - 2 cm, gravimetric) 
76.4% (Fresh Basis) 

81.2% (Fresh Basis) 

0.590 kg m' 2 
0.970 kg m’ 2 


Measured a 0 (50° Incidence Angle, 10.2 GHz, 2 Trials) 


VV Polarization VH Polarization 

-7.26 -16.36 

-6.80 -16.30 
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a plan of the experiment arrangement. The experiment was 
performed three times to improve the statistical quality of the 
data. Figure 2.10 shows the recorded data in its raw form. 

Two problems immediately appear. First the power level at 
the beginning and end are not equal, although neither suffers any 
attenuation due to the "cleared" areas shown in Figure 2.9. 
Second, the record length for a known distance is different from 
one trial to the next. The first problem is caused by the fact 
that the transmitter is supported and transported by a truck. If 
the motion of the truck is not exactly parallel to the motion of 
the receiving antenna, the antenna pattern causes a reduction in 
signal strength. This may be corrected if it is assumed that the 
signal loss is a linear process as a function of position. The 
second problem Is also truck-related. The recording mechanism 
records signal strength versus time; thus, although the truck 
maintains a near-constant speed during the pass, its speed varies 
between trials. This too may be corrected, since the length of 
the canopy section is known and shows up clearly in the record. 
The edges were defined as the point at which the signal drops 3 dB 
from the power received at that end. 

Based upon these corrections. Figure 2,11 was generated, 
excluding the regions outside the canopy. One significant error 
remains however, and it cannot be corrected. In trial 3, the 
signal level dropped because of truck drift, and it is possible 
that the signal strength became comparable to the noise-floor 
level, thus corrupting the results. Hence, this data set may 
produce inconsistent results, as discussed below. 
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HORIZONTAL DISTANCE 


Figure 2.10 Measured power through a soybean canopy as a 
function of position, based on three trials. 


CZj 

















2.7.1 Experiment Results 

Both the mean and the standard deviation of one-way canopy 
attenuation were computed for the three trials after excluding 
0.5 m from either end due to possible edge effects. These results 
are shown in Table 2.5, along with the number of discrete samples 
or elements into which the data were segmented, and the distance 
each element represents, as well as the offset needed to correct 
the raw data. The means for trials 1 and 2 were quite consistent, 
whereas that for trial 3 was off by about one decibel, 

A histogram was computed for each trial, and the results are 
shown in Table 2.6. A plot of the histogram computed for all 
three trials combined is shown in Figure 2,12. The distribution 
is seen to approximate a normal or Gaussian distribution and has a 
mean of 13.6 dB and a standard deviation of 2.6 dB. 

The correlation length at various points within the record 
was also computed for each trial. The results are shown in 
Table 2,7, Again, the results for trials 1 and 2 agree, whereas 
trial 3 results do not. The offset in element Is the number of 
elements from the left edge in Figure 2,11, at which point the 
computation starts. As an example of the shape of this 
autocorrelation, a plot of the computed autocorrelation is shown 
in Figure 2.13 from trial 2, with an offset of 200 elements. 

Figure 2.13 shows what appears to be a consistent period of 
about 50 cm. The cause underlying this cyclical behavior is not 
known; the plant spacing is approximately 5 cm. 
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TABLE 2.5 

Sliding Horn - Soybean Data, July 20, 1983 
10.2 GHz, 37°, V-Polarization 

Slope Total Mean Std. No. of 

Trial Correction (dB) No. of Elements Attenuation (dB) Dev. Mb) Elements Used 


1 


5 

479 

13.2 

2.36 

438 

2 

■- 

3 

469 

13.4 

2.89 

428 

3 ’ 


. 8 

448 ! 

14.4 

2.40 

409 


Element 

Size 

(cm) 


2.39 

2.44 

2.55 


TABLE 2.6 


Histogram Data - Soybean Data 
Number of Data Points Exceeding <*-4 but Not a 

afdB) 


Trial 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

1 

0 

0 

6 

8 

20 

23 

31 

75 

71 

65 

57 

52 

26 

2 

2 

0 

0 

2 

2 

6 

7 

6 

15 

32 

39 

41 

65 

77 

43 

39 

25 

15 

7 

4 

5 

3 

0 

0 

6 

5 

6 

7 

14 

57 

45 

46 

71 

65 

63 

20 

3 

1 

0 

Total 

2 

6 

19 

19 

41 

62 

84 

173 

181 

188 

171 

156 

114 

37 

12 

5 

5 
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10.2 GHz 37 Deg 
V Polcrizctlon 

MEAN ATTENUATION 
STANDARD DEVIATION 


13.6 d9 

2.6 d3 


Date: July 20, 1983 (Day 201) 
Temp: 9p — 100 F 


Crop Type: .Soybeans 

Planting Density: 26 plants m~ 2 

Row Spacing: 74 cm 

Cciicpy Height: 82 cm 

Leaf Moisture: 76 % (Wet Basis) 

Stalk Moisture: 81 % (Wet Basis) 


Figure 2.12 


SOYBEAN ATTENUATION (d3) 

Histogram of one-way attenuation through the 
soybean canopy. 



TABLE 2.7 


Autocorrelation Length (cm) 
Offset (Elements) 


Trial 

50 

100 

150 

200 

250 

Mean 

1 

8.4 

10.7 

12.8 

13.2 

13.2 

11.6 

2 

7.9 

13.1 

15.2 

11.0 

11.9 

11.8 

3 

41.1 

15.0 . 

11.6 

13.5 

80.8 • 

32.4 
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AUTOCORRELATION 





2.8 Vertical Attenuation Profile Experiment 


Immediately after the three sliding-horn trials were 
performed, vertical attenuation profiles were produced for nine 
locations within the same canopy. From these profiles, total one- 
way attenuation was determined by subtracting the power measured 
in dB at the bottom of the canopy from that measured above it. 
Since the height of the receiving antenna in this case was the 
same as that for the sliding-horn experiment, i.e. ,• about 23 cm, 
the estimates of attenuation should agree. For calibration 
purposes, one additional vertical- attenuation profile was made 
without any canopy obstruction. 

The resulting attenuation estimates for the nine locations 
are shown in Table 2.8. The mean, 15.9 dB, although high, when 
taken in conjunction with the associated standard deviation, 
overlaps the estimate yielded by the sliding-horn data. The 
increased standard deviation is a result of the limited sample 
size (9) as compared to over 400 samples for trials with the 
sliding horn. 

2.9 Summary 

An estimate of the one-way soybean canopy attenuation was 
arrived at by two methods. The sliding-horn method yielded an 
estimate of 13.8 ± 2.6 dB, whereas the vertical ‘ attenuation 
profile yielded 15.9 ± 7.5 dB, at 10.2 GHz, 37° incidence angle, 
and V-polarization. Hence, the sliding-horn method seems to be 
much more accurate than the vertical attenuation profile. 


TABLE 2.8 


Vertical -Attenuation Profile Data, Soybeans, July 20, 1983 
10.2 GHz, 37° Incidence Angle, V-PoTarization 


One-Way 

Location No. Attenuation (dB) 


1 

2 

3 

4 

5 

6 
7 
8 . 
9 


Mean: 15.89 dB 
Std. Dev.: 7.5 dB 


IS .63 
17.23 
25.62 
21.79 
17.20 
5.22 
21.79 
3.94 
11.60 
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A histogram of attenuation was also obtained from the data, 
which revealed a near-normal distribution. Further analysis 
yielded correlation-length estimates of about 22 cm and cyclic 
structures in autocorrelation with a period of roughly 50 cm. 

2.10 Comparison with Past Results and Models 

The experiment described above is a repetition of a series of 
similar measurements made in 1982 at the University of Kansas 
(UTaby and Jedlicka, 1934), Those results are presented for 
comparison in Figure 2.14. On Day 201, the one-way attenuation 
was of the order of 9 dB through a soybean canopy about 58-cm tall 
at an incidence angle of 52°. On Day 215 the canopy height was 
comparable to that used in this report, i.e., about 85 cm, and 
one-way attenuation of about 15 dB was reported. 

It is assumed the attenuation follows a sees behavior, i.e., 

a(6;dB) = a(0;d!3) ■ secQ, (2.30) 

where 0 is the incidence angle, and a(0;dB) is the attenuation in 
dB at an angle 0. Using this model, the data obtained at 37° may 
be computed for an angle of 52°; the result is a one-way 
attenuation of 17.7 dB. Assuming a standard deviation of about 
2.5 dB (from the 37° data) and a comparable standard deviation in 
Jedlicka's data, the measurements agree. Unfortunately, Jedlicka 
did not report canopy biomass data, so variations may also 
contribute to differences. 



I - .. Early Growth Stoge . L^Rrll Canopy Height -4— Drying Stage 

- t .. t i ■ t i i ! i i — 1 — JL-i 

2 6 13 23 37 55 76 92 102 103 98 95 

Canopy Height (cm). 


figure 2.14 Temporal variation of the measured one-way 

attenuation at 10.2 GHz for a soybean canopy, and 
calculated attenuation due to absorption by leaves 
and stalks (from Ulaby and Jedlicka, 1983). 



If the vegetation canopy is modeled as a collection of 
randomly oriented discs (not a bad approximation for a soybean 
canopy because of leaf shape), a comparison with a theoretical 
model is possible. The model proposed by Polder and Van Santen 
(1946) and de Loor (1968) considers the case of ellipsoidal 
inclusions suspended in a host medium. In this case, the 

ellipsoids are compressed into discs and the host medium is air. 
The equivalent dielectric of such a medium is 

0 ( 2 + fr). (2.31) 

i 

where e m is the equivalent dielectric constant of the medium, the 
subscript h denotes host, the subscript i denotes inclusion, and 
Vf is the inclusion volume fraction. Also, e* is usually replaced 
by e m however when is quite small, and % are fairly close, 
therefore, is chosen. 

JedTicka also reported measurements of e for corn and wheat 
leaves as a function cf volumetric water content at around 
8 GHz. Using the value reported for corn leaves and a computed 
volumetric water content of 54%, a dielectric of 20.6 - j9.1 was 
obtained for the leaves. A volume fraction of the canopy material 
(leaves and stalks) was computed to be 0*00282. This yields an 
equivalent dielectric of the medium of 1.038 - jO. 01707. From 
this, the one-way attenuation may be computed using an expression 
from electromagnetic theory 

*■ > 

a(dB) = 2 • 4.34 * — • n" • h sece, (2.32) 

54 • 



where X is the frue-space wavelength, n ir is the imaginary part of 
the index of refraction, and h is the thickness of the medium. As 
n 2 = e, n " * | Im /e |. Here n M = 0.00838. At 10.2 GHz, e = 37°, 
a one-way attenuation of 15.95 dB is predicted, whereas 13.67 dB 
is the mean attenuation measured. Again, an uncertainty of the 
order of ± 2.5 dB is associated with the measurement. 


3.0 EFFECTS QF FREE WATER IN A VEGETATION CANOPY 
3*1 Introduction 

One advantage of microwave systems over optical systems is 
that microwave systems (radars, radiometers} are. "all weather," 
i.e., sun position, clouds, fog, snow, and rain have negligible 
affects on microwave propagation. This means that remotely sensed 
data can be acquired at any time. 

The weather may affect the characteristics of the target, 
however. Backscattering from water will be different depending on 
wind speed and direction (Bradley, 1971) as well as on whether or 
not it is raining, for example. A snow layer's backscattering may 
be different in the daytime and at night due to the change of 
phase of the water (Stiles and Ulaby, 1980). 

Another possible weather influence upon target 
characteristics is the presence of free water in a vegetation 
canopy. The water may be present for a number of reasons: 
condensation or dew, rain, or irrigation. The presence of free 
water in a vegetation canopy should influence the way it appears 
to microwave sensors, as water has a much larger dielectric 
constant than vegetation matter, i*e., between 40 and 80 depending 
on frequency (see Figure 3.1) for water versus between 10 and 30 
for fresh leaves, stalks, and grain (Carlson, 1967; Ulaby and 
Jedlicka, 1983; Nelson and Stetson, 1976) at X-band and below. 

The backscattering coefficient from a vegetation canopy may 
be written (Ulaby et al., 1982) 
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(3.1) 
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= a 


veg 


a $oil /L2 ’ 


where a® is the backscattering due to the vegetation 

and is the backscattering due to the soil. The soil term is 

attenuated twice by the vegetation layer, hence the L z term. 

Therefore, even though increases with water content, its 

influence may be ignored if a° eg » ff° 0 *-|/L 2 , i.e. , if L 2 is 

large and is sufficient. Ulaby and Jedlicka (1983) reported 

Values for L of more than 10 dB for corn and more than 20 dB for 

soybeans at 10.2 GHz, at 50° incidence angle with vertical 

polarization at full canopy height. In Chapter 2, values for L in 

excess of 30 dB for wheat at 10.2 GHz, 60°, and vertical 

polarization at full height were shown. Hence, when the observed 

a 0 is sufficiently large, the soil component may be ignored for 

wheat and soybean canopies, and perhaps also for corn. Based on 

this information the influence of free water on was 

can 

investigated. 


3.2 Experiment Description 

On June 14, 1983 a small section (approximately 40 feet by 15 
feet) of a winter wheat field was observed by the MARS X-band 
scatterometer (Gable et al., 1981). Water was applied twice by a 
water truck in a fashion to simulate a rain. Altogether, 
approximately two inches of water was uniformly distributed over 
the area. Logistical problems necessitated a second spraying to 
permit observation of rapid dry-down. The weather, which was 
clear with a temperature in the 70' s and a wind speed of 
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10»15 mph, aided the dry-down process. Two moisture sensors were 
placed in the canopy to qualitatively monitor the presence of free 
water. Table 3.1 lists the measured ground-truth data. 

On August 1, 1983, comparable areas of a soybean and corn 
field were also observed by the MARS X-band scatterometer. 
Approximately 1.5 inches of water was uniformly distributed over 
both areas to simulate rainfall. The weather, which was clear 
with a temperature of about 85°F and a windspeed of 5 to 10 mph, 
aided the dry-down process. One moisture sensor was located in 
each field to qualitatively monitor the presence of free water. 
Tables 3.2 and 3.3 list the measured ground-truth data. 

3.3 Results 

3.3.1 Wheat 

Plots of Oyy and versus time, acquired on June 14, 1983 
for winter wheat are shown in Figures 3.2 and 3.3. Also indicated 
are the spraying events, along with the moisture sensor data. No 
scale is given for the moisture sensor data, as it is included for 
qualitative value only. It is proportional to -log of the sensor 
resistance measured, which varied from > 20 when dry to about 
35 kfl when moist. 

Notice in both figures an overall increase of a 0 of about 
3 dB between wet and dry canopy conditions. Also in both cases, a 
steady dry-down is observed in o°, which 'tracks the sensor data 
well. There is more scattering in than around 1500 hours, 
but a definite trend is apparent. 
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TABLE 3.1 

Winter Wheat Ground-Truth Data 


Canopy Height: 

Head Length: 

Planting Density: 
Ground Cover: 

Head Moisture: 

Leaf Moisture: 

Stalk Moisture: 

Head Water Content: 
Leaf Water Content: 
Stalk Water Content: 


109 cm 
8 cm 

900 plants m" 2 
100 % 

53% (fresh basis) 
22% (fresh basis) 
62% (fresh basis) 

0.821 kg nf 2 
0.071 kg m“ 2 
1,858 kg m" 2 
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TABLE 3.2 


Soybean Ground -'Truth Data 


Canopy Height: • 
Planting Density: 

Ground Cover: 

Leaf Moisture: 

Stalk Moisture: 

Leaf Water Content: 

Stalk Water Content: 

Soil Moisture (0 - 2 cm. 
Before Spraying: 

After Spraying: 


85 cm 

27 plants nf 2 
90 to 95% ' 

75% (fresh basis) 
77% (fresh basis) 

0.479 kg nf 2 
0.910 kg m" 2 

gravimetric) 

3.3% (dry basis) 

l 

18.2% (dry basis) 
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TABLE 3.3 

. Corn Ground-Truth Data 


Canopy Height: 
Planting Density: ; 
Ground Cover: 

Cob Moisture: 

Leaf Moisture: 

Stalk Moisture: 

Cob Water Content: 
Leaf Water Content: 
Stalk Water Content: 

Soil Moisture (0-2 cm 
Before Spraying: 


267 

cm 


3.2 

plants 

nf 2 

70 - 

■ 80% 


76 % 

(fresh 

basis) 

73 % 

(fresh 

basis) 

63 % 

(fresh 

basis) 

1.238 kg m* 

-2 

0.488 kg m' 

-2 

0.985 kg m‘ 

-2 


gravimetric} 

2.7 % (dry basis) 
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3.3.2 Soybeans 

Plots of o-°y and versus time acquired an August 1, 1983 
for soybeans are shown in Figures 3.4 and 3.5. Also indicated are 
the spraying event and moisture - sensor data. The measured 
resistance of the moisture sensor varies from > 20 when dry to 
about 30 kfl when moist. 

In the case of <Jy V , a trend is discernible similar to the one 
seen in wheat. Overall, an increase of about 3 dB is seen in the 
cfyy of the dry canopy. 

In the case of Oy H , an overall increase of about 3 dB is 
again apparent. A large amount of scattering in the data obscures 
any definite trend beyond a general decrease. 

In both cases the level of o° at the end of the experiment 
was higher than the level before spraying. The moisture sensor 
indicates that the canopy is nearly dry by 1100 hours, which may 
indicate the influence of the change in soil moisture upon o°. 

3.3.3 Corn 

Figures 3.6 and 3.7 are plots of ajjy and cr^ versus time 
acquired on August 1, 1983 for corn, with the spraying event and 
moisture sensor data indicated also. The measured resistance of 
the moisture sensor varied from > 20 Mft when dry to 'about 30 kfl 
when moist. Equipment problems limited the number of sensor 
measurements. ’ 

In the case of o-yy, a single point acquired immediately after 
spraying is the only anomaly in an otherwise flat temporal 
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Also shown is the response of a moisture 
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Figure 3.6 Effects on ajy of spraying water on a corn 

canopy. Also shown is the response of a moisture 
sensor. 








response. In the case' of o^, an overall increase of about X.5 dB 
is all that separates the conditions before and after spraying. 

Again, as in the case of soybeans, this overall increase may 
be attributed to an increase in the soil term due to an increase 
in soil moisture. Although no soil -moisture measurement was made 
after spraying, it is expected to be similar to the case of 
soybeans, since the soil type is almost identical and comparable 
amounts of water were applied. 

3.4 Conclusions 

For all three crops observed (wheat, soybeans, and corn), the 
presence of free water in the canopy results in about a 3~dB 
increase in over the case in which no free water is present. 
For corn and soybeans this value may be only 2 dB, as the soil may 
contribute an additional 1 dB due to the increased soil moisture. 

For an overall increase is seen in all three crops; 
however, trends indicating dry-down are difficult to discern 
because of an increase in the amount of data scatter. 


4.0 MODELS FOR THE PREDICTION OF a 0 

The use of radar as a remote-sensing tool in the field of 
agriculture has been explored with promising results by 
investigators throughout the world (van Kastern and Smit, 1977 ; 
Ulaby et a!., 1984; Peiyu et al., 1983). By selecting the proper 
frequency, polarization, incidence angle, revisit interval, and 
resolution cell size, information such as crop type, areal extent, 
and in some cases stage of growth (Brisco et al., 1982; Ulaby et 
al., 1984) can be acquired. 

In order to use radar data effectively, an understanding of 
the microwave interaction process is necessary. By knowing which 
target elements produce dominant backscattering, an understanding 
of the way a target might appear at another frequency, 
polarization, or incidence angle, as well as some knowledge of its 
temporal behavior, may be gained. Such an understanding is made 
possible by the use of mathematical models of the target. 

These models incorporate such factors as the target's 
geometric and dielectric properties as well as variations in both 
its spatial and temporal scope.' In order to test such models once 
conceived, reliable radar data collected concurrently with 
necessary information about the target's parameters (ground truth) 
must be available. The understanding gained by such a process can 
help to pinpoint which target parameters are and which are not 
significant as well as which new target parameters should be 
sampled as a result of their potentially significant influence on 
radar data. The modeling-testing process provides feedback to the 
data-acquisition effort, thus forming a closed loop. 
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4.1 Modeling 

The first step in the modeling process draws upon prior 
knowledge based on both theory and previous observations. The 
fundamentals of microwave behavior are based upon Maxwell's 
equations, from which, given sufficient knowledge about the 
target, exact deterministic solutions are theoretically 
possible. Due to the complex, and probabilistic nature of all but 
the simplest remote sensing targets, however, this approach is not 
widely used. Nevertheless, basic elements do lend themselves to 
this effort in a general fashion. For example, in the case of a 
vegetation canopy, the basic geometry consists of a layer of 
vegetation separating semi infinite spaces of air and soil. 

Vegetation may be thought of as a collection' of lossy 
scatterers uniformly distributed horizontally, with -a known but 
changing vertical distribution. Such a description leads to a 

mathematical model of the form of Eq. (2.1). Each term in (2.1) 
depends on frequency, polarization, and incidence angle. 
Therefore, depending on the application, a certain set of radar 
parameters is indicated as being preferable. When monitoring soil 
condition, namely, soil moisture, it is preferable to minimize the 
influence of the vegetation by selecting the proper frequency, 
incidence angle, and polarization. Investigations (Ulaby et al., 
1977) have shown that the use of low frequencies (C-band), low 
incidence angles (around 10° from nadir), and horizontal 
polarization is optimum for this application. 

When monitoring vegetation, the proper choice of ■ radar 
parameters can minimize the soil component with respect to the 


vegetation term. Investigations (e.g., Ulaby et al., 1984) with 

this aim indicate the use of the higher frequencies (X-band and 

higher) at incidence angles around 50° (from nadir). 

* 

4.2 The “Cloud Model 11 

A conceptually simple model developed by Attema and Ulaby 
(1978) treats the vegetation layer as a "water cloud 11 composed of 
a uniform distribution of identical water particles. Based on 
this assumption, the following elements of (2.1) were derived: 

- a cose 

°Seg (9) = TT [1 - L ' 2(9> -> (4 ‘ la) 

L(b) = exp(k h sees) , (4.1b) 

where k e is the extinction coefficient of the vegetation medium 
(Np nf 1 ), h is the height of the vegetation canopy, and <x v is the 
volume backscattering coefficient (m 2 nf 3 ). Relating cr y amd k g to 
the physical p' ,nt parameters, Eqs. (4.1a) and (b) reduce, by 
virtue of the simple model, to 

(4.2a) 
(4.2b) 

where m y is the volumetric water content of the canopy (kg nf 3 ), 
and A and B are constants depending on frequency, polarization, 
and canopy geometry (or crop type). 


zT. 


k s = A • m v , 
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An expression for the contribution of the soil was determined 
empirically from measurements made on bare soil (Ulaby et al., 
1984) and takes the form 



a s * c exp(D • m s ) , 


(4.3) 


•where C accounts for soil roughness, and D is a constant 
representing the sensitivity of a° to the soil moisture content 
m s , both of which are functions of frequency, polarization, and 
incidence angle. 

Inserting (4.1) through (4.3) into (2.1) leads to 




B cose(l - ™ exp(D • m s ) 


( 4 . 4 ) 


With 


L = exp(A • ra v • h • sees) . 


(4.5) 




This model met with significant success when applied to a number 
of crops, namely, alfalfa, corn, milo, and wheat, at incidence 
angles ranging from 0 to 70°, frequencies from 8.6 to 17.0 GHz, 
and HK and VV polarizations. 

4.3 The "Two-layer Model 11 

In 1979, further measurements by Dutch investigators 
concerning the backscattering coefficient from vegetation 
substantiated the effectiveness of the cloud model for predicting 
cg an . for other plant types as well (beets, potatoes, and peas) 
based on the knowledge of only a few plant parameters (Hoekman et 
al., 1982). Difficulties arose, however, when attempts were made 
to predict o£ an for certain crop types that produce small grains, 
such as wheat, barley, and oats. This was attributed by the 
investigators to the fact that in the course of development, the 
geometry of these plants changes significantly, as when the grain 
head appears. To account for this phenomenon, a two-layer cloud 
model was adopted. The upper layer consists of the grain heads, 
whereas the lower layer is composed of the stalk and leaf 
material. The upper layer contributes its own backscattering, 
while attenuating that emanating from below. As in the original 
cloud model, the same is Vrue for the lower layer. This model has 
the form * 

<^ an ( 9 ) = c 2 ( 0 ) {1 “ ex p(Dg • m y • h 2 ■ sees)) 

+ Cj(9) {1 - exp(D^ • m y • h^ • sec0)} 


• exp (Dg • h 2 * m v • secs) 

+ G(0) • exp(k * m v ) 

* expUD^ • h y • m v + D 2 • hg * m ) • secs} . 

(4.6) 

This two-layer model, which proved more suitable for predicting 
a£ an using the indicated plant and soil parameters as inputs was 
tested at 10 GHz for HH and VV polarizations at incidence angles 
ranging from 20° to 75° from nadir. 

4.4 Multi constituent Canopy Model 

On a different tack, investigators from the University of 
Kansas in 1979 and 1980 (Ulaby et al., 1983) made measurements of 
a£ an and supporting ground truth with the aim of refining the 
cloud model to include backscattering terms for individual plant 
parts. The crops observed were corn* sorghum, and wheat. Again, 
it was necessary to treat wheat differently than corn or sorghum 
because of its changing geometry, as mentioned above. The 

available ground-truth information included soil moisture, fresh 
and dry plant biomass by plant part, and plant density, height, 
and green leaf area index (LAI). 

Analysis of all three sets of crop data indicated that the 
variation of cr° n with respect to LAI was much the same as that 
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observed using -m v , the volumetric canopy water content. Replacing 
m v with LAI improved a° an prediction accuracy, given the necessary 
ground-truth parameters. The explanation for this is attributed 
to the fact that green leaves contain mostly water and are thus 
strong scatterers of microwave energy. Although the the stalks 
contain significant amounts of water, they do not contribute much 
in the way of backscattered energy, especially in the case of 
wheat, because of their geometry. Hence the LAI term includes 
much of the same information as m v ; nevertheless, it also includes 
some information not previously available, i.e., the areal 
coverage of the leaf material. This ability to relate LAI to a° an 
is significant in that LAI is an important element in the yield- 
prediction algorithm (CoeTho and Dale, 1980). 

The wheat model that evolved includes a backscattering 
contribution by the heads, by the leaves as attenuated by the 
heads, and by the soil as attenuated by both the leaves and the 
heads. Thus, this model for wheat takes the form 

o _ o , o , o- 
°can leaf + ff head a soil 

a can = A * LAI{1 - exp(-E e LAI)} * exp(-D * DWT) 

+ B • DWT + C • m • exp(-E • LAI -D • DWT) , (4.7) 

where DWT is the dry head biomass per square meter (kg m" 2 ), m s is 
the volumetric soil moisture (g cm“ 3 ), and A, B, C, D, and E are 
all constants determined for each frequency and polarization. 
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This model is different from those presented above in three 
significant ways. First, there is the appearance of the LAI term 
multiplying the [1. - exp( )] term. Secondly, there is a 
different form for a head’ Thirdly, there is a linear rather than 
an exponential dependence of <?| 01 --j on soil moisture. As for the 
first difference, in the original derivation of the cloud model it 
was assumed that there is a uniform distribution of identical 
water particles. If these water particles are not in fact 
identical but are distributed in much the same way that water is 
distributed in an atmospheric water cloud, the dependence of o£ an 
will have an m v term included in the term. Hence, in 
keeping with the utilization of LAI in place of m y , LAI. appears as 
a multiplying factor in Eq. (4.7) because this form is superior to 
the one that does not include this factor, and * there is a 
rationale behind it. 

As for the second difference, a linear dependence on dry head 
biomass was found to work best for cr° and therefore was adopted. 

The third difference is the result of a simplification in the 
model treating e^i as a linear function of m $ rather than as an 
exponential. Indeed, there is but little difference over narrow 
ranges of m s . 

This model provided good agreement between observed and 
predicted a£ an , thus providing insight into the factors 
determining what the radar is "seeing." The model was tested at 
four frequencies (8.6, 13, 17, and 35.6 GHz), two polarizations 
(VV and HH), and one incidence angle (50°). 


When applied to the corn and sorghum data, the model is 

similar in its use of LAI rather than m v , and in the linear rather 

than exponential dependence of a° 0 .--j on m s . 

One point of difference, however, is that the of ea f term 
includes LAI in the exponential only. This choice was made 
because the model gave results in better agreement with 
measurements. Since the distribution of water particles is 
unknown, this criterion is reasonable. 

A second difference is that a new term, ^alk* the 

"head term. 

The full model takes the form 

_o _ o . o , o 

a can “ c leaf + stalk + °soil 

“can = A leaf * C1 ' “P^Teaf ' LAI > } 

■ +A stalk • h 2 * ex P (-Bj eaf • LAI) 

+ C soil ' m s - exp( - 6 iaaf * LAI - ' B stalk \ ' h 2 } * 

(4-8) 


The stalk term is attenuated by the leaves, based on the 
assumption that backscattering by leaves occurs in the top portion 
of the canopy, whereas backscattering from the stalk must first 
pass through the leaves. The dependence of ^alk on m v * h 2 15 
reminiscent of the cloud model in that try represents the 
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volumetric water content of the stalks, and hg is the effective 
stalk height, which in this case is set to be the physical canopy 
height. The soil term is attenuated by both leaves and stalks, 
but in the course of obtaining coefficients it was revealed that 
when « 0, the model behaves best*, hence, apparently, no 

significant stalk attenuation exists. 

This model proved to be superior to the cloud model in its 
predictive capacity for a£ an at all four frequencies, i.e., 8.6, 
13, 17, and 35,6 GHz, for both VV and HH polarizations, at an 
incidence angle of 50°. In addition, it worked slightly better 
for sorghum than for corn. 

1981 Vegetation Experiment 

During the 1981 growing season, extensive radar 

backscattering measurements were made as well as supporting 
ground-truth data (Brisco and Allen, 1982). Ten fields each of 
winter wheat, corn, and soybeans were observed repeatedly 
throughout the growing season. These fields are located in the 
floodplain north of Lawrence, Kansas, and are indicated in 
Figure 4.1. 

The radar data consist of cr° values for 10.2 GHz at two 
polarizations (VV and VH), at an angle of incidence of 50°. On 
occasion, three fields of each crop type were observed at 
incidence angles of 30°, 40°, 50°, 60°, and 70°. Two-hundred and 
six complete radar data sets were acquired on the ten wheat 

fields, 318 on the ten corn fields, and 348 on the ten soybean 
fields, giving a total of 869 data sets consisting of oyy and 
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Location of the target fields in the North Lawrence 
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at a 50° incidence angle and 10,2 GHz. Among these, 70 data sets 
include incidence angles of 30°, 40°, 50°, 60°, and 70°. This 
volume of data was made possible by using for the first time the 
Mobile Agricultural Radar Sensor (MARS 10.2 GHz), which acquires 
data while aboard a truck being driven alongside a field, all the 
while integrating the received signal strength. This greatly 

reduced the time required to acquire a single radar data set. 

The supporting ground truth consisted of 0 - 5-cm soil- 

moisture content, plant height, planting density, and fresh and 

dry plant biomass. For wheat plants, plant biomass data were 

broken down into two parts: head material and leaves with 

stalks. For corn plants, plant biomass data were broken down into 

three parts: leaves, stalks # and fruit or cobs. For soybean 

plants, the plant biomasses were for the entire soybean plant. 

Soil type and bulk-density measurements were also made for each 

field. Weather data consisting of daily high and low 

temperatures, humidity, wind speed and direction, and rainfall 

amounts, were provided by the University of Kansas Weather 

Station. Additional rainfall information was made possible by 

monitoring four rain gauges distributed throughout the north- 

Lawrence test area. Farm operators cooperated by providing such 

information as planting date, tillage history, harvest date, seed 

variety, fertilizer used, herbicide used, field-preparation 

method yield* and bushel weight. Growth stage was also recorded 

* 

periodically for each field, as was any crop damage due to 
insects, weather, etc. 
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Due to the ambitious size of the experiment and to limited 
facilities, only small, inadequate samples of variables having 
large within-field variances (Brisco et a!., 1981) such as plant 
biomasses were acquired. This became noticeably severe during the 
data-processing sequence, when it was decided that a smoothing of 
the variables in question was necessary. This was accomplished by 
fitting the raw data to a best-fit third- or fourth-order 
polynomial, depending on the shape required. Once this was 
accomplished, a manual check was made to ensure that the overall 
trend and absolute level of the data were intact. This sequence 
was followed for all plant variables (biomass data and heights) 
but not for soil moisture. The rationale behind the smoothing is 
that the parameters in question, though changing, follow a 
predictable, even pattern. Figure 4.2 shows the temporal behavior 
of ajy and ofa and the associated ground truth after smoothing of 
plant biomasses and height for Wheat Field Ho. 8. 

One reason for choosing such a large number of fields on such 
a frequent revisit basis was to look at the statistical side of 
modeling. All previous modeling attempts, with the exception of 
the 1979-1980 Kansas experiments, were restricted to examining one 
or possibly two fields of a single crop type. (The 1979-1980 data 
represent an exception because of their scope). ,, The 1979 
experiment examined two fields of wheat, six of corn, and six of 
sorghum. At most, ten data sets were acquired for each field in 
1979. In 1980, three fields each of corn and sorghum were 
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: JULIAN DATE (1981) 

Temporal histories of the radar data (a 0 ) and the 
ground-truth parameters (after smoothing) along 
with the measured rainfall events, for a given 
wheat field (No. 8). 
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observed approximately 22 times per field throughout the growing 
season. In addition, this experiment examined actual agricultural 
fields, as opposed to small, uniform test plots. 

4.6 1931 Wheat Data 

As mentioned above, 206 data sets were acquired for the ten 
wheat fields used in the 1981 experiment. Twenty-two of these 
data sets were acquired after harvest. Of the remaining 184 data 
sets, another 41 were omitted from modeling due to abnormal cr° 
behavior, which occurred apparently as a result of a weather event 
within the previous two days. The exact influence of these 
weather events {wind damage, hail damage, heavy rain, or strong 
wind during data acquisition) is not well understood and therefore 
would have complicated the modeling effort. Thus, of 'the original 
206 data sets for wheat, 143, or about 14 per field, are available 
for modeling purposes. Figure 4.3 shows Wheat Field No. 8, with 
the weather-affected points and post-harvest data as examples. 

By restricting the experiment to only one frequency and one 
incidence angle, the modeling process had only to deal with 
changes in plant geometry* dielectric (via water content), and 
soil -moisture changes throughout the growing season. 

Figure 4.4 shows a plot of the temporal changes in o° for 
each field in real (m 2 nr 2 ) units. Both °VV and are shown 
with the ofa using the right-hand scale (which is 2.5 times larger 
than the left hand-scale). This was done to enhance the 
similarity between the like (VV) and cross (VH) polarizations* 
The same overall trend is seen in plots of both. At the time 
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JULIAN DATE (1981) 

Figure 4.3 Temporal history of the measured o° from wheat 
field No. 8. Included are all weather-affected 
points as well as post-harvest points. 
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observation was begun (Day 121, May 1, 1981}, there were few 
dynamics appearing in o°. This continued for most of the fields 
until a point on or. after Day 160 (dune 9, 1981), after which a 
dramatic increase occurred. Soon after, harvest occurred. The 

4' 

fact that this was repeated in most of the fields and that it has 
been seen in the past (Bush and Ulaby, 1975) indicates that this 
is a genuine phenomenon, characteristic of wheat. Additionally, 
the fact that the final weeks before harvest were accompanied by a 
dramatic increase in <7° may in fact be useful in predicting the 
harvest and following its progress, as mentioned by Bush and Ulaby 
(1975). The lack of an early peak in cr° prior to the seemingly 
uneventful period before the pre-harvest increase as seen by Ulaby 
et al. (1983) may be due to the late start in data-acquisition, 
differing rates of development at the two locations, and differing 
weather factors. 

Figure 4.5 shows a superposition of temporal plots of o° for 
all ten fields shifted in time to coincide at approximately the 
same peaking time. The upper plot shows crfy versus time, and the 
lower one shows a plot of versus time using the time shifts 
determined for the ajy case. The fact that all ten overlap nicely 
reinforces the supposition that this behavior is characteristic of 
wheat and is not an anomaly. The required time-shifts varied from 
no shift for two reference fields to as many as 29 days for 
another field. This is the result of different growth rates due 
to slightly different environmental conditions, such as available 
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water and nutrients. Such differences in developmental stage were 
not, however, seen in the periodic stage-of-grcwth observations 
made by ground-truth, personnel. 

4.6.1 Initial Analysis 

As a first step in the analysis of the wheat data, linear 
correlation coefficients between measured tf° values expressed in 
dB and ground-truth parameters were computed. Tables 4.1 and 4.2 
show the results. For VV polarization, high correlations were 
revealed relating cryy(dB) to the percentage of moisture in the 
plant (expressed on a fresh-weight basis). Also of significance 
is the fact that these high correlations (0.68 to 0.77) were all 
negative, indicating that as the percentage of moisture decreased 
cfy(dB) increased. This agrees almost exactly with what Bush and 
Ulaby observed in 1974 at all frequencies (8.6 to 17 GHz); 
incidence angles of 30°, 50°, and 70°; and HH and VV 

polarizations. Their conclusion was that as plant moisture 
decreased, penetration into the canopy increased, resulting in a 
larger cr° value. This implies that the a 0 of a wheat canopy 
alone, at the frequencies and angles specified, is less than that 
of the underlying soil and that the attenuation of the canopy 
layer is sufficient to reduce the soil's contribution 
significantly. This hypothesis provides one possible explanation 
of what Is seen in the 1981 wheat data. In terms of changes in 
<r°, the period of time several weeks prior to harvest is observed 
to be relatively flat. This occurs when the canopy is still lush 
and quite moist; thus, what is being observed is the cr° of the 
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TABLE 4.1 




• 1981 Wheat 

Statistics 




Mean 

Std. Dev. 

Maximum 

Minimum 

Units 

Volumetric 
Soil Moisture 

27.3 

10.4 

54.0 

3.8 

cm 3 /cm 3 x 100 

Fresh Leaf and 
Stalk Biomass 

2.06 

1.23 

" 4.81 

0.27 

kg/nA 

Dry Leaf and 
Stalk Biomass 

0.79 

0.33 

1.80 

0.16 

kg/m 2 

Height 

0.83 

0.14 

1.06 

0.29 

m 

Fresh Head 
Biomass 

0.57 

0.40 

1.53 

0 

kg/m 2 

Dry Head 
Biomass 

0.31 

0.24 

0.89 

0 

kg/m z 

CT °VV 

-13.3 

3.3 

-6.0 

-20.8 

dB 

°°VH 

-17.8 

3.2 . 

-9.1 

-24.8 

dB 

Leaf and Stalk 
Water Content 

1.28 

0.95 

3.85 

0.03 

kg/m 2 

Head 

Water Content 

0.26 

0.23 

0.75 

0 

kg/m 2 



TABLE 4.2 
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Linear Correlation Analysis (r) 
1931 Wheat Data 





* 

Correlation 
Coefficient r 

1 

2 

• 3 4 5 6 7 

8 

9 

10 

11 

12 


1. 

Volumetric 
Soil Moisture 

1 









2. 

Leaf and Stalk 
Fresh Biomass 

-0.07 

1 





* 


, 

3. 

Leaf and Stalk 
Dry Biomass 

0.14 

0.88 

1 



•• 




4. 

Leaf and Stalk 
Water Content 

-0.13 

0.97 

0.79 

1 






5. - 

Leaf and Stalk 
Percent Moisture 
(Fresh Basis) 

-0.43 

0.69 

0.41 

0.74 

1 





6. 

Head Fresh 
Biomass 

0.29 

-0.00 

0.14 

-0.06 

0.07 

1 




7. 

Head Dry 
Biomass 

0.50 

-0.41 

-0.18 

-0.48 

-0.45 

0.74 

1 



3, 

Head Water 
Content 

-0.04 

0.39 

0.38 

0,37 

0.54 

0.77 

0.15 

1 


9. 

Head Percent 
Moisture (Fresh 
Biomass) 

-0.45 

0,68 

0.51 

0.72 

0.89 

0.00 

*0.63 

0.60 

1 

10. 

Height 

0.28 

0.64 

0.68 

0.59 

0.34 

0.14 

-0.25 ' 

0.44 

0.56 1 

11. 

°°Vy(dB) 

0,31 

-0.40 

-0.31 

-0.41 

-0.68 

0.00 

0.45 

-0.44 

-0.42 -0.35 1 

12. 

o° vv (dB) 

0.47 

-0.54 

-0.34 

-0.58 

-0.76 

0.06 

0.49 

-0.38 

-0.19 -0.23 0.81 1 


H ■« 143 In all cases except cases Involving head ground truth information, then N * 116. 


Wheat canopy plus an attenuated background u° term due to the 

* , 

soil. 

A positive correlation of 0.31 between oyy(dB) and volumetric 
soil moisture content is consistent with this hypothesis, since 
observations of bare soils yield higher positive correlations 
(Batlivala and Ulaby, 1977). Other correlation coefficients that 
support this hypothesis are seen in the dry head biomass, the 
water content of the leaves and stalks between oJ v » and the water 
content of the heads. A positive correlation between and dry 
head biomass indicates that the heads may also be a source of 
significant backscattering. Again, negative correlations with the 
water content of plant parts support the attenuation hypothesis. 

Similar results were seen in the linear correlation analysis 
between o^(dB) and plant moisture, soil moisture, dry head 
biomass, and plant water content. This would indicate that a 
similar mechanism drives both ofa and ayy. 

To further examine the relationship between o° and plant 
moisture, plots were made of o° (in real units, m 2 m" 2 ) versus 
plant-part moistures. These are shown in Figures 4.6 and 4.7. 

The choice to express o° in real units rather than decibels was 
made to enhance small changes in a 0 . A linear dependence of 
ff°(dB) on some parameter corresponds to an exponential dependence 
of o- 0 (in real units) on the same parameter. Previous models have 
shown that attenuation takes on an exponential form; thus, it is 
linear when expressed in dB. 

Figures 4.6 and 4.7 show similar results. In both cases. 
When the percentage of moisture is at a maximum (around 70%), very 

* 94 

» ‘ ‘ . ! ■■ =' • ‘ • 







little scattering in o° is observed. As the percentage of 
moisture decreases, increased scattering is observed and higher 
overall cr° values are seen. This is true in both the VV and the 
VH cases. The scattering in a 0 for low moisture contents may be 
due to varying soil moistures as well as to varying contributions 
to a° an from the canopy itself. 

To further investigate the relationship between a 0 and plant 
moisture, a plot was made of a 0 versus volumetric soil moisture 
content, as shown in Figure 4.8. To elucidate the effects of 
canopy moisture, the data were broken into two sets: one with 

leaf- and stalk-moisture percentages exceeding 50% (indicated by 
asterisks), and the other with leaf- and stalk-moisture 
percentages of less than 50% (indicated by circles). In general, 
with only a few exceptions, the data denoted by asterisks maintain 
an almost constant level for all of the soil -moisture values 
available. The data marked by circles, on the other hand, show 
considerable scattering. A weak yet observable trend is detected 
in the relationship between a 0 and increasing soil moisture, which 
agrees with previous models that predict cr° given soil moisture 
(Ulaby et al., 1983). This result serves as further evidence that 
some form of attenuation of soil backscattering by the wheat 
canopy is occurring, along with significantly smaller 
backscattering due to the canopy itself. Finally, a multiple 
correlation coefficient r 2 of 0.65 was found between uyy(dB) and 
oy^(dB), indicating that the same or similar mechanisms are 
driving both. A plot of agy(dB) versus oy^(dB) is shown in 
Figure 4.9 for alt wheat data unaffected by weather or harvest. 


* 97 





SIGMAO W (dB) 


I 


❖ 


^ 1 a X ❖ 

♦ *<> 

0 X<fe> * 

&WfP* * 

#c && > 

O 

o ❖ 


«> ❖ ^ <♦, 

^ ❖ / 

<►«> ^$x$ 

❖ ❖ xx * 

❖ . x $ 

<j> 

❖ ♦/ 

X^ 

X ❖ 


1981 WHEAT DATA 
10.2 GHz 50 Deg 

N = 143 r* = 0.65 


-20 -15 

SIGMAO VH (dB) 


—10 


Figure 4.9 The way in which o$ v changes with respect to oj^ 
from the wheat data. 



4.6.2 Modeling of the 1981 Wheat Data 

For two reasons, the availability of the 1981 wheat data 
provides a heretofore impossible opportunity to test and develop, 
canopy models. First, this data set includes ten actual 
agricultural fields grown using current and widely used farming 
techniques, and a variety of seed types, fertilizers, and soil 
textures. All fields were observed frequently, using the same 
calibrated system, thus removing any possible calibration problems 
that might have been encountered when data sets from different 
systems and/or different years were combined. 

Secondly, because of the design of the radar system, reliable 
cross polarization (VH) is now available throughout the growing 
season of a wheat crop. In previous years, due to system 

limitations mainly in the antenna area, the ability to measure VH 
data was degraded. However, by restricting the design of the MARS 
system so that it would deal with only one frequency, and by 
employing two distinct antennas, sufficient isolation was achieved 
to make reliable cross -polarization measurements possible. 

With this in mind, attempts to model the 1981 wheat data were 
begun by testing the models previously presented. The criterion 
for judging the ability of a model to predict given the 

necessary canopy parameters was based on three major factors. 
First, a high correlation coefficient between measured and 
predicted a° an was desired. Similarly desirable was a small RMS 
difference error expressed in dB (RMS dB), defined here as 
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RMS error (dB) = [ 


f r°mea S ( dB > ' % 


N 


-] 


(dB) 


(4.9) 


representing the average deviation of the predicted value of <r£ an 
from that measured, expressed in dB. The third factor determining 
the effectiveness of a model for predicting aj an is the number of 
model parameters or constants that are necessary. Logically, as 
the number of model parameters increases, so too will the 
correlation coefficient that measures the model's effectiveness. 
However, this also increases the complexity of the model; 
therefore, a tradeoff is made between model complexity (the number 
of parameters required), the correlation coefficient, and the RMS 
error (dB). * 

Models that require the determination of parameter values for 
optimization may show a superior fit per field when new constants 
are determined for each field. However, in order to test the 
effectiveness of a model for predicting a£ an for a given crop type 
rather than for a specific field, it should be able to predict, on 
the basis of the ground-truth information available, cr£ an for all 
fields from a set of constants determined on the basis of all 
available data for that crop type. Therefore, each m.odel will be 
tested on the basis of the entire data set* 

The first model tested was the cloud model developed by 
Attema and Ulaby (1976). It has the form 
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= A * [1 - exp(-B • w * h)] + C • exp(D • m $ - B * w • h) , 

(4.10) 

where w is the volumetric water content of the canopy, h is the 
physical height of the canopy, and m s is the volumetric soil- 
moisture content. This model requires only four parameters 
(A,B,C,D) and provides a correlation coefficient (r 2 ) of 0.50 with 
an RMS error of 2.30 dB when applied to the VV data, and 0.55 and 
2.12 dB for the VH data. All four parameters were determined to 
yield an optimum model in each case (VV and VH) when a nonlinear 
regression package program on a digital computer was used. The 
values determined were different from those published by Attema 
and Ulaby but not significantly different in the VV case. When a 
comparison of the predicted oyy, based upon their model and using 
their constants, was made with the measured 1981 data, a 
correlation coefficient (r 2 ) of 0.09 and an RMS error of 3.79 dB 
resulted. They did not attempt VH optimization. 

The second model tested was the two-layer model presented by 
Hoekman et al. (1982). It takes the form 

q ° = C 2 [l - exp(-D 2 • w • h 2 )] 

+ Ojl - exp(-D 1 • w • h^] exp(-D 2 • w • h 2 ) 

+ G • exp[k •• m s - (D 2 • w ■ h ■ + • w * h^] ■ 

(4.11) 
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After its six parameters (C^, Cg, D^, Dg, G, k) were optimized for 

each case ( VV and VH) ; the following correlation coefficients (r 2 ) 

and RMS errors were -determined: VV had 0.51 and 2.29 dB, whereas 

VH had 0.60 and 2.00 dB, respectively. Again, the parameters 

found were not significantly different from those published. 

When a comparison was made between the predicted and measured 

1981 data using their model and constants, a correlation 

coefficient (r 2 ) of 0.07 and an RMS error of 5.52 dB resulted. 

The fact that their correlation coefficient exceeded 0.9, whereas 

» 

their RMS error remained below 0.9 dB, may be due to the fact that 
(a) they dealt with multiple angles giving a wide dynamic range 
for v° and determined eight additional parameters to handle the 
angular variation, and (b) they dealt with only two limited test 
plots of winter wheat, which had an artificially high uniformity 
not normally found in ordinary agricultural fields. 

A third model tested was the plant-part model presented by 
Ulaby et al. (1983). This model requires five parameters and 
takes the form 

or 0 « A • LAI {1 - exp (-E * LAI ) } exp(-D • DWT) 

■ + B • DWT + C • m • exp(-E • LAI - D • DWT) ,. (4.12) 

Here DWT is the dry head biomass per square meter, and LAI is the 
green leaf area index* The 1981 experiment did not include LAI as 
a ground-truth parameter; thus, in order to test this model , a 
Substitute parameter was required. A previous investigation into 
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the relationship between LAI and fresh leaf biomass for corn and 
soybeans (Brisco et al. # 1983) indicates a strong correlation 
between LAI and fresh leaf biomass. Therefore, assuming that this 
relationship is true for wheat as well, and further assuming that 
the ground-truth parameter measuring fresh leaf and stalk biomass 
is highly correlated to fresh leaf biomass alone, a substitution 

of fresh leaf and stalk biomass was made for LAI. The result was 

♦ 

a correlation coefficient (r 2 ) of 0.45 with an associated RMS 
error of 2.42 dB for VV, and 0.57 and 2.06 dB for Vh'. It should 
be mentioned that part of the driving force behind using LAI as a 
model input had been the early season peak, which was attributed 
to the leaf material. However, as mentioned previously, no such 
peak was detected in the 1981 data due in part to the late start 
in data acquisition. Again, most of the model parameters 
determined for the VV case did not differ significantly from those 
published; however, two did vary, dramatically. The C and D 
constants, which determine the magnitude of the soil 
backscattering and head attenuation, were orders of magnitude 
smaller than those reported. In the case of the total soil 
contribution to a° gn , these changes offset one another, resulting 
in an appropriate overall level. The need for such a large value 
for D might have arisen in the early peak period, which again is 
missing from the current data. ' 

Based upon these results it was determined that a new model 
should be developed, employing different aspects of the three 
models mentioned previously This semi empirical model should 
provide for head backscattering as well as attenuation, leaf and 
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stalk backscattering and attenuation, and soil backscattering. 
The basic fora adopted for this new model is 


o 

cr = 


head 


+ d 


leaf 

stalk 


+ a 


soil 


(4.13) 


where 


crjj * B • f^(head) (4.14a) 

°1° + s * ’ ex P[" F * f 20 + 

{l - exp[-E • f 3 (l +. s)]} • exp[-D * f^(head) ] 

(14.14b) 

= C * (r vv + G • r HH ) • exp[-D • f 4 (head) 

- E • f 3 (1 + (14.14c) 

where f^head) and f 2 (l + s) relate the measured ground -truth 
quantities to the backscattering by heads, leaves, and stalks, 
respectively, and f^O + s) and f 4 (head) relate .the measured 
ground-^truth quantities to attenuation by the leaves, stalks, and 
heads, respectively. The exact nature of the functions (f|( )) is 

left as an unknown at this point. In keeping with the objectives 
of this study, however, the dependence will be of the form of a 
simple relationship involving measured ground-truth quantities. 
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I . \ 

i , 

r : 

L 

The form adopted for a° includes two new expressions: Iyy and 

These represent the Fresnel reflection coefficients j 

(|Ryy| 2 = Tyy). In 'Chapter 12 of their book, Ulaby et al. (1982) 
have shown that for a "rough" surface such as soil, the !■ 

backscattering is proportional to r pp , where pp indicates 

i. 

polarization. Subsequent to the 1981 experiment, soil samples from 

i 

various fields representing all textures encountered in 1981 were j 

characterized by dielectric measurements at various moisture 

{ 

contents and various frequencies, including X-band (Hallikainen et - 

al., 1983). From this data, r pp can be calculated at each moisture 
and entered into the model. In Appendix A, the 10-GHz dielectric 
data and r pp plots are presented. They are neither truly linear J 

nor exponential in shape; hence, this substitution should yield 
superior results. 

For VV polarization, the factor G is set equal to zero, 
indicating that no HH backscattering is expected for a vertically 
polarized incident wave. For VH polarization, it is assumed that 
negligible depolarization occurs at the soil surface, compared to 
that from volume scattering in the canopy. It is also assumed that 
this polarization is as likely to occur when the wave is traveling 
downwards towards the soil as when it is traveling towards the 
antenna. One further assumption is that the attenuation through 
the vegetation canopy is polarization-independent. Although this 
last assumption seems weak, it is a necessary one in keeping with 
the goal of developing a simple model. Based on these assumptions, 
for VH polarization the G term is set equal to one. 



Several simple, physically reasonable forms of the unknown 
f. ( ) functions relating backscattering and attenuation to 

available ground-truth data were tried. Prior knowledge indicates 
that the amount of water present is a strong factor in determining 
attenuation, whereas its role in conjunction with the vegetative 
matter in backscattering is less understood. After a trial -and- 
error process, optimum choices for the f^( ) 1 s for both 

polarizations were found to be 


f x (head) = FWT, 

f 2 (l + s) « SH20/HT 

(4.15a) 

f 3 (l + s) = SH20, 

f 4 (head) = FH20 , 

(4.15b) 


where FWT represents the fresh fruit (or head) biomass (kg m“ 2 ), 
SH20 represents the water contained in the leaves and stalks 
(kg m" 2 ), HT is the height of the full canopy, and FH20 is the 
water contained in the fruit (or head) layer (kg m” 2 ). 

Incorporating these functions into Eq. (4* 13) resulted in 
correlation coefficients (r 2 ) of 0.61 and 0.64 and RMS errors of 
2.04 dB and 1.90 dB for VV and VH, respectively. Table 4.3 lists 
the coefficients determined and the resulting correlation 
coefficients (r 2 ) and RMS errors (dB) for all fields, both combined 
and individually. Figure 4.10 shows a plot of versus <^ eas 
in dB for VV, whereas Figure 4.11 shows the same for VH. In both 
cases a linear regression indicates a slope of less than one and an 
intercept less than 0 dB. 
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TABLE 4.3 


Model Coefficients and Resulting Statistics - Wheat 


Pol. 

A 

B 

C 

D 

E 

F 

VV 

0.153 

0.036 

1.148 

4.271 

2.446 

0.112 

VH 

0.025 

0.013 

0.073 

2.377 

1.440 

0.125 


r 2 /RMS Error (dB) r 2 /RMS Error (dB) 

Field (N) VV VH 


All 

i— • 
■£* 

0.61/2.04 

0.64/1.90 

1 

(15) 

0.85/1.26 

0.71/1.21 

2 

(ID 

0.62/2.27 

. i 

0.62/1.93 

3 

(14) 

0.65/1.75 

0.46/1.64 

4 

(13) 

0.76/2.06 

0.93/1.08 

5 

(12) 

0.85/1.20 

0.88/1.59 

6 

(18) 

0.58/1.64 

0.52/1.71 

7 

(13) 

0.56/3.46 

0.88/3.34 

8 

(18) 

0.86/1.81 

0.78/1.54 

9 

(15) 

0.47/2.64 

0.50/1.92 

10 

(14) 

0.83/1.57 

0.62/2.32 
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“i 
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slope: 0.631 
y-intercept: -4.9 dB 
r 2 : 0.61 N = 143 

RMS Diff Error (dB): 2.0 
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Figure 4.10 Predicted versus observed (measured) with 
predicted o° from Eq. (4.14). 
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Predicted versus observed (measured) with 
predicted <j° from Eq. (4.14). 





Figure 4.12 shows a plot of the errors (defined here as 
a° eas (rfB) - ^pj-ed^ 6 )) ‘F° r VV polarization versus VK 
polarization. As the statistics given previously indicate, there 
is a tighter grouping in the VH errors than in the VV errors— again 
implying that the VH model is superior. 

Figures 4.13 and 4.14 show a plot of a 0 in real units (m 2 m" 2 ) 
versus time for a given field {No. 8) showing measured, predicted, 
and individual components, of o° due to plant parts and soil for 
both polarizations, VV and VH, respectively. As proposed earlier, 
the model indicates that the increases in <j° late in the season are 
due, in both polarizations, primarily to soil. The magnitude of 
the head, leaf, and stalk attenuation agrees with measurements made 
during the summer of 1983 on a winter wheat canopy (as shown in 
Chapter 2). In all cases, the attenuations in the- VH model are 
smaller than the attenuations in the VV model, indicating that our 
assumption that attenuation is polarization-independent is not a 
very good one. 

Figures 4.15 and 4.16 show temporal plots of predicted and 
observed a 0 for all fields at both polarizations. In all cases, 
both models do a good job of predicting while the canopy is 
still moist, i.e., prior to Julian date 150 to 160, After this 
time the models do fairly well, yet large discrepancies are 
Obvious, e.g.. Field No. 4, VV pol • ; Field No. 7, VV pol.; Field 
No. 7, VH pol,; and Field No. 10, VH polarization* The cause is 
not clear; however, as the canopy dries and the soil contribution 
becomes important, surface roughness may be the culprit, or head 
backscattering may be the cause. One way to deal with this 

. - 111 



Figure 4*12 A comparison of the ways in which errors in r~ 

predicting c*yy relate to errors in predicting 1 * 
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The measured cju along with the predicted a{m from 
wheat field No. 8. The predicted value is the sum 
of three components, also shown here. 
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15 A comparison of measured and predicted oyy over 
time presented on a per-field basis. 
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complication is to optimize the model for each field 
individually. This was done with the results shown in Table 
4.5. As expected, the r 2 values for each field exceeded the 
previous values obtained using the coefficients in Table 4.3, 
indicating there are between field differences for which the model 
does not account. 

4.6.3 Error Analysis 

In deriving and testing a mathematical model based on 
experimental data, the quality of the data determines, to a 
degree, the quality of the model. Errors exist in both parts of 
the data involved, i.e., in the independent data (ground truth) - 
and in the dependent data (radar measurements). Errors on both 
sides of the equation tend to degrade the model’s performance, 
i.e., 

°meas * e m eas * °pred(9 rourld truth > * W 

In order to evaluate the significance of these errors, the 
following approach was taken: First, choosing the model 

considered to be best in terms of “goodness of fit" and number of 
parameters, we assume that it is ideal, i.e, that it represents 
exactly the relationship between o° and the crop parameters. 
Secondly, by examining the statistics of the raw ground truth, 
variances for each parameter are estimated. Thirdly, by 
performing experiments and examining the temporal history of 
"constant" quantities such as o-[ ens data, the variances associated 


with the radar measurements can be estimated. Finally, the 

experiment is numerically simulated on a computer using a Gaussian 

random-number generator to simulate measurement errors to perturb 
• * 

the "true" ground truth. This data then are used in the model to 
determine a simulated ^calc* Similarly, the measurement of radar 
data is simulated by first assuming that the original ground-truth 
information is perfect. These data predict the measured radar 
data, which are assumed to be ideal. This ideal a 0 is then 
perturbed by the estimated variance again using the Gaussian 
random-number generator. Thus, for each data set of ground truth, 
a simulated °£alc and a simulated c° eas are determined. Thus, it 
can be seen that even a perfect model relating o° to ground-truth 
data will not yield a correlation of 1.00. 

The errors in the ground-truth data are from two sources: 
one is true within-field variability, and the other is measurement 
error. Both contribute to the total error and are represented in 
the associated variance. Analysis of these ground-truth data 
indicates that the standard-dsviation-to-mean ratio is much more 
constant than the standard deviation by itself, which implies that 
the magnitude of the error is dependent on the magnitude of the 
quantity being measured. The estimated values for the standard 
deviation associated with the ground-truth parameters involved are 
listed in Table 4.4. ' ~ 

There are three sources of error in the radar data: the 
first is fading, which may be minimized by acquiring large numbers 
of independent samples for each data point; the second is within- 
field variability (both factors are reduced by the method of data 


TABLE 4.4 


Parameter 


Standard Dev. 


Error Simulation Results “ Wheat 


Leaf and Stalk Head 

Wet Dry Wet Dry Soil 

Biomass Biomass Height Biomass Biomass Moisture 

0.21*i 0.20U 0.09u 0.23*1 Q.23u 0.20y 


n represents the mean of the measured value 

cf°y V has a standard deviation of 0.8 dB 
0°yn has a standard deviation of 2.0 dB 


VV results: r 2 = 0.64 RMS error: 1.85 dB 

VH results: r 2 - 0*69 RMS error: 1.56 dB 


acquisition, namely determining a field average by integrating the 
received power over a portion of the field), and the third is 
calibration. The system is externally calibrated periodically, 

I 

yet changes that are not corrected via calibration still occur. 
Experiments (Brisco and Allen,, 1982) have shown that an additive 
standard deviation of 0.8 dB should be used in simulating cyy 
measurements, and that an additive standard deviation of 1 dB 
should be used in simulating uy^ measurements, since the 
determination of uy^dB) depends in a linear fashion on oyy(dB). 

Results 

Based upon the assumptions stated, it was shown that given 
data with the types of errors discussed, the "best” that could be 
done in modeling the data would result in a correlation 
coefficient (r 2 ) of about 0.64 for VV data and about 0.69 for VH 
data, using the model, which is indeed exact. Therefore, the 
correlations reported in the modeling section should be regarded 
as statistically respectable. 

4.6.4 Analysis of Weather Effects 

As mentioned previously, of the original volume of data 
acquired in 1981, a part was set aside for future analysis after 
the modeling effort was completed. In the case of wheat, 206 data 
sets were obtained originally. Of these, 22 represent data sets 
acquired after harvest, and 41 correspond to data sets that might 
have been influenced by weather events. To illustrate. Figure 4.3 
shows the temporal behavior of <?yy and oy^ for Wheat Field No. 8, 
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including data that apparently had been influenced by weather. To 
investigate the significance, if any, of weather influence, the 
model developed previously will be employed to predict a value for 
o° based on ground-truth parameters. This predicted value will 
then be compared to the measured value. The magnitude and 
distribution of the errors found using the weather-influenced data 
will be compared to the magnitude and distribution of the errors 
found using the "unaffected" data. 

In order to increase the reliability of the model (or to 
reduce the RMS difference error) the model was optimized for each 
field, i.e., new constants were determined for each field. These 
coefficients are shown in Table 4.5, with the associated r 2 and 
RMS difference errors. 

The types of weather influence observed include recent rain 
{affecting 18 data sets), strong winds during data acquisition 
(affecting 11 data sets), and blown-down vegetation (affecting 10 
data sets). Two additional data sets were deleted from the 
analysis for other reasons. 

The results of the comparison using a T-test are shown in 
Table 4.6. In each case the errors found using "affected" data 
are statistically compared to those "unaffected" data on which the 
model was optimized. For the case of blown-down canopy regions, 
significant differences in the nature of the errors are shown. 
For the case of strong wind during data acquisition, he nature of 
the errors is shown to be quite similar, indicating few, if any, 
weather effects. In the case of a recent rain, the nature of the 
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Table 4.5 
(a) 

Model Coefficients and Resulting Statistics 
Optimized on a Per Field Basis -Wheat 

Crop: 1981 Wheat Polarization: W 


Field No. 


RMS 

Difference 

Error(dB) 


1 

0.086 

0.029 

0,827 

0.826 

2.954 

0.288 

0 

0.88 

0.59 

, 15 

2 

2.132 

0.026 

1.500 

5.144 

3.880 

0.011 

0 

0.78 

1.74 

11 

3 

0.221 

0.007 

1.500 

1.786 

2.237 

0.10B 

0 

0.91 ' 

0.77 

14 

4 

0.800 

0.030 ' 

0.490 

5.440 

0.905 

0.014 - 

0 

0.83 

1.28 

13 

5 

0.110 

0.001 

0.856 

1.233 

2.243 

0.223 

0 

0.94 

0.65 

12 

6 

0.134 

0.012 

1.500 

0.977 

4.711 

0.199 

0 

0.88 

0.82 

18 

7 

0.045 

0.030 

1.500 

0.003 

1.509 

0.064 

0 

0.86 

1.71 

13 

8 

0.075 ' 

0.010 

1.150 

0,117 

3.408 

0.167 

0 

0.89 

1.34 

18 

9 

0.098 

0.047 

1.500 

0.144 

4.251 

0.128 

0 

0.65 

1.77 

15 

10 

0.133 

0.000 

1.500 

1.362 

4.008 

0.182 

0 

0.91 

1.13 

14 

All 

• 0.153 

0.036 

1.14B 

4.271 

2.446 

0.112 

0 

0.61 

2.04 

143 




TABLE 4.5(b) 

Crop: 1581 Wheat Polarization: VH 


Field No. 

A 

B 

c 

D 

1 

0.001 

0,006 

0.033 

1.175 

2 

0.136 

0.009 

0.079 

4.330 

3 

0.145 

0.001 

0.203 

0.018 

4 

0.040 

0.008 

0.081 

1.586 

5 

0.031 

0.006 

0.087 

' 0.004 

6 

0.046 

0.005 

0.103 

0.010 


ro 
c n 

7 

0.018 

0.010 

0.303 

0.006 


8 

0.001 

0.007 

0.067 

3.100 


9 

0.000 

0.012 

0.032 

0.668 


10 

0.051 

0.022 

0.135 

0.000 


All 

' 0.025 

0.013 

0.073 

2.377 


E 

F 

6 

r 2 

RMS 

Difference 

Error(dB) 

N 

0.037 

0.082 

1 

0.82 

0.71 

15 

1.403 

0.022 

1 

0.72 

/ 1.52 

11 

2.284 

0.023 - 

1 

0.82 

0.94 

14 

1.135 

0.053 

1 

0.94 

0.87 

* 13 

2.267 

0.070 

1 

0,91 

1.12 

12 

3.337 

0.148 

1 

0.66 

1.17 

18 

1,714 

0.056 

1 

0.93 

1.31 

13 

0.492 

0.007 

1 

0.87 

1.09 

18 

0.217 

0.001 

1 

0.71 

1.34 

15 

4.916 

0.119 

1 

0.75 

1.74 

14 

1.440 

0.125 

1 

0.64 

1.90 

143 


TABLE 4.6 


1981 Wheat - Weather Effects 


T-Test , 


Data 


Mean 

RMS Diff. 

2-Tail 

Class 

N 

Error (dB) 

Error (dB) 

Probabili 


VV Polarization 


Normal 

143 

0.04 

1.24 


Blown-Down 

10 

1.62 

3.95 

0.002 

Windy 

11 

0.31 

2.21 

0.530 

Recent Rain 

18 

1.58 

2.73 

0.000 



VH Polarization 



Normal 

143 

0.00 

1.21 


Blown-Down 

10 

1.14 

3.62 

0.019 

Windy 

11 

0.56 

2.11 

0.167 

Recent Rain 

18 

1.96 

2.68 

0.000 



cm cm . cm cm cm a cm cm cm cm cm cm cm mm 


errors is shown to differ significantly, thus indicating that the 
rain effects probably were a genuine source of error. 

In order to visualize the nature of the errors caused by 
weather effects as compared to residual errors in the model, 
examine Figures 4.17 and 4.18, which are histograms of these 
errors* separated by class (blown-down canopy, wind during data 
acquisition, recent heavy rain, and "normal" data). For both 
polarizations (VV and VH), the "normal" errors are centered on 
zero and decrease gradually in both directions. For both "blown 
down" errors and rain errors, the distribution is much wider and 
uniform in level. The wind-influenced errors are more like those 
found in the "normal" data. Hence, the T-test indicates that the 
rain and blown-down canopy errors are from a distribution unlike 
that for the "normal" data errors, whereas the wind-influenced 
errors are from a distribution similar to that of the "normal" 
data errors. 

Finally, a plot of the errors (in dB } for VV polarization 

versus those (in dB) for VH polarization is given (Figure 4.19). 

Small correlations are shown between the VV and VH errors for both 

"normal" data and "rain" data, indicating that the mechanism 

causing the errors is either random or it behaves independently as 

a function of polarization. For blown-down-canopy data and wind- 

influenced errors, relatively high correlations are shown, which 

* 

indicates the converse. 
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OCCURANCES OCCURANCES OCCURANCES 






Figure 4.17 Histograms of the errors between predicted and 

measured for various types of weather-affected 
data. 
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Figure 4.18 Histograms of the errors between predicted and 

measured c{?n for various types of weather-affected 
data 
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Conclusion 


A statistical investigation into the nature of the errors 
introduced by weather events as compared to sources of error that 
are not weather-related demonstrated that a recent rain or a 
blown-down canopy introduced significant error that was unlike any 
observed previously in the analysis; however, the presence of wind 
during data acquisition had no significant influence. 

These results reaffirm the belief that microwave interaction 
depends upon the dielectric and geometric properties of the 
target. Following a rain event, the dielectric property may be 
influenced by the presence of free water in the canopy, whereas 
for blown-down areas of canopy, geometric changes drive the varied 
response. In the presence of wind during data acquisition, 
neither the dielectric nor the geometric changes are 
significant. In fact, the presence of wind may improve the 
estimate of o° by providing more independent samples, which in 
turn reduces fading. 
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4. 7 1981 Corn Data 


Of the 318 data sets obtained from the ten corn fields during 
the summer of 1981, 130 were omitted from modeling due to the fact 
that they might have been affected by rain (within two days of 
data collection); another 10 points were acquired after the fields 
were harvested, and thus do not represent a normal corn canopy; 12 
were omitted due to either missing data (soil moisture) or 
incorrect a 0 values; and the remaining 166, or about 17 per field, 
were used in the following analysis and modeling. The 

accompanying ground truth consisted of fresh and dry biomass per 
unit area for three plant parts (stalks, fruit or cobs, and 
leaves), canopy height, and soil moisture. A smoothing of the 
plant variables, as described earlier, completes the data clean- 
up. A sample data-set is shown in Figure 4.20. Note the 
similarity between ojy, oyH» fhesh leaf biomass, and fresh stalk 
biomass. A temporal plot of fresh and dry fruit biomass is not 
included because previous experiments have shown that the fruit is 
not important at this frequency (X-band) and incidence angle (50°) 
[Ulaby (1982)]; subsequent analysis has reaffirmed this finding. 

Figure 4.21 shows temporal plots of both aj v and (in real 

units, m 2 si" 2 ) for all ten fields. Although there is no clear 

overall pattern as there was for the wheat fields, a subtle 

behavioral trend is present in the form of a relatively small a 0 

» 

early and late in the growing period, with the middle part showing 
a gentle increase and then a decrease. This behavior is seen in 
most of the fields observed, although anomalies were present late 
in Fields Nos. 1 and 7, and early in Fields Nos. 4 and 10. The 
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Figure 4.-20 Temporal histories of the radar data (o°) and the 
ground-truth parameters (after smoothing) along 
with the measured rainfall events for a given corn 
field (No. 9). 
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characteristics of Fields Nos. 5 and 9 are reminiscent of the 
overall behavior seen by Ulaby et aT. (1983), i.e., early in the 
growing cycle there is an obvious peak, which then levels off for 
the remainder of the cycle and falls off again towards the end to 
reach a level comparable to that seen at the beginning. 

Also apparent from these ten plots is the similarity between 
crfy and cfa . Figure 4.22 shows a plot of crJy(dB) versus ffy^(dB) 
for this corn data. It is readily apparent that there is a fairly 
high correlation between the two, which indicates that either the 
same or a similar mechanism is driving both of them. 

4.7.1 Initial Analysis 

As a first step in the analysis of the corn data, statistics 

and linear correlation coefficients between measured c° values 

expressed in dB and ground truth-parameters were computed and are 

shown in Tables 4.7 and 4.8. From the statistics we have seen 

that the dynamic range of is almost 10 dB, and for afa it is 

just over 11 dB. This means that the value of the backscattering 

coefficient varies by about a factor of 10 (in real units of 

m 2 m“ 2 ). Therefore, subsequent analysis may be presented in real 

units (m 2 m~ 2 ) and the finer details may become more app'rent than 

when the data are compressed into the decibel scale. However, 

when the models are tested, the decibel scale will be retained to 

* 

ensure that errors remain proportional to the values they are 
trying to estimate. 

An examination of Table 4.8 shows that ajy and affa do not 
correlate well with any of the ground-truth parameters. In the 


SIGMAO W (dB) 



Figure 4.22 The way In which Oyy varies with <jy^ from the corn 
ddt3 • 
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TABLE 4.7 


1981 Com Statistics 



Mean 

Std. 

Dev. 

Maximum 

Minimum 

Units 

Volumetric Soil 
Moisture 

27.4 

8.5 

47.3 

6.0 

cm 3 /cm 3 x 100 

Leaf Fresh 
Biomass 

0.78 

0.47 

1.90 

0.04 

kg/m 2 

Leaf Dry 
Biomass 

0.21 

0.11 

0.49 

0.01. 

kg/m 2 

Leaf Hater 
Content 

0.59 

0.40 

1.48 

0.01 

kg/m 2 

Stalk Fresh 
Biomass 

2.29 

1.18 

5.45 

0.03 

kg/m 2 

Stalk Dry 
Biomass 

0.37 

0.21 

0.79 

0.01 

kg/m 2 

Stalk Hater 
Content 

1.92 

1.00 

4.78 

0.02 

kg/m 2 

Fruit Fresh 
Biomass 

2.01 

0.73 

3.10 

0.11 

kg/m 2 

Fruit Dry 
Biomass 

0=84 

0.46 

1.76 

0.03 

kg/m 2 

Fruit Water 
Content 

1.17 

0,66 

2.42 

o.oe 

kg/m 2 

Height 

2.07 

0.86 

2.95 

0.17 

m 

°°W 

-7.7 

1.6 

-4.2 

-14.0 

dB 

°°VH 

-14.5 

1.8 

-11.1 

-22.8 

dB 


4 
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TABLE 4.8 






Linear Correlation Analysis 
1981 Corn Data 






Correlation 
Coefficient r 

1 

2 

3 

4 

5 6 

7 

8 

9 

10 

11 12 

1. Volumetric 
Soil Moisture 

1 


■ . 








2. Leaf 

Fresh Biomass 

- 0.22 

1 

V 

' 







3. Leaf 

Dry Biomass 

- 0.21 

0.65 

1 








4. Leaf 

Water Content 

- 0.20 

0.98 

0.50 

1 







5. Stalk 

Fresh Biomass 

- 0.12 

0.70 

0.84 

0.61 

1 






6. Stalk 

Dry Biomass 

-0.09 

0.51 

0.88 

0.37 

0.86 1 






7. Stalk 

Water Content 

-0.13 

0.71 

0.80 

0.64 

0.99 0.80 

l 





8. Fruit 

fresh Biomass 

-0.25 

0.23 

0.62 

0.13 

-0.11 0.40 

- 0.20 

1 




9. Fruit 

Dry Biomass 

0.21 

-0.60 

0.22 

-0.66 

-0.25 0.41 

-0.36 

'0.45 

1 



10. Height 

-0.17 

0.60 

0.92 

0.47 

0.89 0.90 

0.85 

0.71 

0.31 

1 


11 . 0 ° yy ( dB ) 

0.12 

0.30 

0.20 

0.29 

0.28 0.16 

0.30 

-0.16 

- 0.22 

0.25 

1 

12 * a ° yy ( dB ) 

0.11 

0.40 

0.33 

0.37 

0.47 

0.50 

-0.43 

-0.40 

0.4t 

0.82 1 


N - 172 for all cases except cases involving leaf or fruit biomass, then N - 130. 
for all cases involving soil moisture, N Is smaller by 6. 


case of the fruit biomass data (fresh and dry) the correlations 
are negative, which is contrary to expectations if we assume that 
the fruit contributes significant backscattering. As mentioned 
earlier, the backscattering from the fruit is believed to be 
insignificant compared to the backscattering from the other 
components and will therefore be omitted from subsequent modeling 
attempts.- 

Ulaby et al. (1984) showed that leaves are the dominant 
source of backscattering (at a 50° incidence angle in the X-, Ku-, 
and Ka-band frequencies) over the bulk of the growing season. The 
linear correlation between leaf biomass and <j° is not too 
impressive, due mainly to the fact that the relationship is 
nonlinear* Figure 4.23 shows plots of o° versus fresh -leaf 
biomass that are similar to those presented by Ulaby et al. 
(1984). The fact that Ulaby et al. characterized the leaves by 

using the leaf-area-index (LAI) parameter, whereas here we use the 
fresh-leaf biomass quantity, is not a serious inconsistency, since 
LAI and fresh-leaf biomass are highly correlated, as was shown by 
Brisco et al. (1983). The overall trend is the same. For low 
values of leaf matter, <t° shows more scattering and is in general 
lower than a 0 for higher values of leaf matter. The scattering at 
the low leaf-biomass end may be explained by variations in soil 
moisture and other contributing factors, while for higher values 
of leaf biomass, the reduced scattering supports the theory that 
the leaves dominate backscattering while attenuating other 
sources. 
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4.7.2 Modeling of the 1931 Corn Data 

The same criterion used in evaluating the models used 
previously for the wheat data will also apply here. Again, 
appropriate models presented in the literature will be evaluated, 
and then any variations on them will be evaluated in order to find 
the "best" model for predicting measured a 0 with the highest 
correlation coefficient, the lowest RMS difference error (in dB), 
and the fewest model parameters. In order to evaluate the ability 
of a particular model to predict the backscattering from a given 
canopy type (and underlying soil), data from all ten corn fields 
will be pooled in the evaluation, i.e. , the coefficients 
determined will be optimum for the combination of all ten fields. 

The first model tested was the cloud model developed by 
Attema and Ulaby (1976) and given earlier by (4.10), 

o° = A[l - exp(-B • w • h)] + C exp(D • m - B • w • h) ,■ 

(4.16) 


where w is the volumetric water content of the canopy, h is the 
physical height of the canopy, and m s is the volumetric soil- 
moisture content. This model requires only four parameters 
(A,B,C,D) and provides a correlation coefficient (r 2 ) of 0.29 with 
an RMS error of 1.34 dB when applied to the VV data, and r 2 =0.43 
and RMS error of 1.39 dB for the VH data. The model coefficients 
determined via a nonlinear regression computer program that 
minimizes the squared errors were different from those presented 
by Attema and Ulaby for VV polarization, although not 


my a '*.- 


significantly. They did not treat the case of VH polarization. 

The next model tested was the plant-part model presented by 
Ulaby et al. (1983). This model requires five parameters and 
takes the form 


_o _ -E • LAI 


a 0 = A(l - 


) + B * W * H (l - e~ E * LAI ) 


. r . m -D • W • H -E * LAI 
+ C • m g • e e 


(4.17) 


Here, LAI is the green leaf area index, H is the height of the 
canopy, and W is the volumetric water content of the stalks. 
Again, the 1981 summer experiment did not include LAI as a ground- 
truth parameter; therefore, a substitution of fresh leaf biomass 
was used. As a result, correlation coefficients (r 2 ) were 
determined to be 0.25 and 0.42 for VV and VH polarization, 
respectively, and RMS errors were 1.37 dB and 1.40 dB for VV and 
VH polarization, respectively. The coefficients that were 
determined to optimize the model for -the 1981 corn data, which 
generated the above correlation coefficients and RMS errors, are 
not identical to those given by Ulaby et al.; however, they are 
similar in magnitude, except for the stalk attenuation term, which 
Ulaby finds to be insignificant but which appears to be 
significant in the 1981 data. 

« v 

From these results, it was determined that a new model or 
models should be developed. The experimental data described in 
Chapter 2 is also available as a further improvement, giving 
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typical values for canopy attenuation at X-band, 50° incidence 
angle, and VV polarization. 

The basic form adopted for this new model for corn 
backscattering is 


o _ o ,o ,o 
leaf + “stalk “soil 


(4.18) 


where 

c leaf = °° = A{1 - exp[ - F ' f 2 ( leaf )^ 

{l - exp [-E • f 3 (leaf)]} (4.19a) 

°stalk = °st = B * f x (stalk) exp [-E • f 3 (leaf)] (4.19b) 

a soil = a s = C C r w * Gr hH ] e *P^ D - f 4< stalk) " E “ f 3 0eaf)] , 

(4.19c) 


where fj(stalk) and fgOeaf) relate the measured ground-truth 
quantities to backscattering by the stalks and leaves, 

respectively, and f 3 (leaf) and f 4 (stalk) relate the measured 
ground-truth quantities to attenuation by the leaves and stalks, 
respectively. The exact nature of these functions (f^ ( )) are 

unknowns at this point. In keeping with" the objectives of this 
study, this dependence will' be represented by a simple 
relationship involving measured ground-truth quantities. The form 
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of the soil backscattering component is the same as that used in 
the wheat model and is explained there. 

Several models were tried using various combinations of 
available ground-truth data. As with the development of the wheat 
model, an emphasis on variables related to water content, e.g., 
fresh leaf biomass and leaf water content, is appropriate because 
water has been shown to be a significant factor at microwave 
frequencies. After a trial -and-error process, the optimum 
combination of ground-truth parameters for the f.j( )'s was found 
to be 

f 1 (stalk) = SH20, (4.20a) 

f 2 (leaf) = LWT/HT 
f 3 (leaf) = LWT . 

Also in the course of the model evaluation, the attenuation due to 
the stalks was found to be insignificant, i.e., the model 
coefficient D = 0. Thus, f^(stalks) is not necessary* Here SH20 
represents the stalk water content {kg m" 2 ), LWT represents the 
fresh leaf biomass (kg m“ 2 ), and HT is the canopy height (m). 

Incorporation of these functions into Eq. (4.19) resulted in 

* 

a correlation coefficient (r 2 ) of 0.35 and 0.44 for VV and VH 
polarization, respectively, with associated RMS difference errors 
of 1.28 dB and 1.37 dB* Table 4.9 lists the seven model 
coefficients determined, and the r 2 and RMS errors for each field 


(4.20b) 

(4.20c) 
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TABLE 4.9 


Model Coefficients and Resulting Statistics 
1981 Corn, 10.2 GHz, 50° Incidence Angle 


Pol. 

A 

B 

C 

D 

E 

F 

G 

VV 

0.298 

0.080 

0.546 

0 

2,030 

1.836 

0 

VH 

0.079 

0.018 

0.023 

0 

1.340 

1.263 

1 


r 2 /RMS Error (dB) r 2 /RMS Error (dB) 


Field f N) 


VV 

VH 

All (166) 


0.35/1.28 

0.44/1.37 

1 (26) 

- 

0.44/1.37 

0.53/1.40 

2 (13) 


0.48/1.00 

0.67/1.51 

3 (17) 


0,43/1.18 

0.73/1.17 

4 (11) 


0.16/1.05 

0.30/0.97 ' 

5 (18) 


0.40/1.20 

0.22/1.39 

6 (18) 


0.21/1.18 

0.38/1.00 

7 (17) 


0.67/1.19 

0.70/1.11 

8 (12) 


0.36/1.10 

0.71/1.36 

9 (16) 


0.93/1.30 

0.93/1.59 

10 (18) 


0.34/1.81 

0.20/1.84 


a cn lid lzj .□ a s □ o a □ □ r 1 a c: 


yy 


for both VV and VH polarization. Figures 4.24 and 4.25 present 
plots of predicted versus observed or measured a 0 for all fields 
combined. In both cases, a linear regression indicates a slope of 
less than one and an intercept of less than 0 dB. 

Figure 4.26 shows a plot of the errors (defined here as 

°meast dB ) “ ^pred^ 6 ^ for VV polarization versus VH 

polarization. As the statistics indicate, the quality of fit is 
comparable for both models. 

Figures 4.27 and 4.28 show plots of a° eas and Cp rec { as a 
function of time, as well as of the constituent parts (o °st * 

and a|) for Corn Field No. 9. In both cases, the soil is the 
dominant backscattering source early in the season, whereas in 

mid-season, when the canopy is the most lush, the leaves 

dominate. Towards the end of the season, as the leaves dry out, 
the stalks begin to dominate, although the soil component is 
nearly as significant. 

Figures 4.29 and 4.30 show a comparison of a° eas and cfp rec{ 
for all ten fields over time. In general, it is apparent that 
while the correlation coefficients are not too impressive, a 
better measure in this case is the RMS difference error value. 
With a few exceptions, the agreement between a° eas and <7° rsc j is 
quite good. An explanation of why this is not reflected in the 
correlation coefficients goes back to the limited dynamic range in 
the data. Referring back to Figures 4.24 and 4.25, it is clearly 
evident that most of the data lie in a’ cluster 3 or 4 dB in 
extent. Unfortunately, the way the correlation coefficient is 
computed introduces a factor that is dependent on slope, and the 
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Figure 4.24 A comparison of observed (measured) o(? v with 
predicted oJ v> using Eq. (4.18). 
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Figure 4.26 A comparison of the errors In predicting o2 v with 
the errors In predicting oJ H . 
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Figure 4.28 A comparison of measured and predicted oy H over 

time for corn field No. 9. The predicted value Is 
the sum of three components, also shown here. 
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estimated slope of such a tight cluster is open to error. Hence 
the correlation coefficient is not entirely indicative of the 
quality of the fit, and here the RMS difference error becomes 
useful. 

One final observation is in order before we move on to the 
error-analysis phase. In August of 1981, one of the corn fields 
used in this experiment (No. 6) was the subject of another 
experiment. In this special one-day experiment, a plot of about 
7 x 7 meters of this field was defoliated, i.e., the leaves, 
fruit, and stalks were removed sequentially, and radar 
observations were made between each defoliation step. These data, 
reported by Ulaby (1982), provided a unique chance to test the 
corn model one component at a time. 

Table 4.10 lists the measured ground truth on: the day of the 

experiment (Day 224) as well as the measured throughout the 

experiment. At the bottom of Table 4.10 is a listing of the 

measured of each component along with that predicted by this 

new model. The measured <r° for the stalks is obtained by 

subtracting (in real units of m 2 m~ 2 ) the soil term from the 

+ ff stalk measurement. This is also true for the leaf term, 

although the attenuation predicted by the model is also taken into 

account. For stalk and soil backscattering, the model does quite 

well, although for the leaf term the agreement is not quite so 

* 

good. One reason may be that for the leaf term the attenuation 
estimate is used twice: once in reducing the measured a 0 to 

and again to obtain the predicted 
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TABLE 4.10 


Corn Defoliation Experiment 
Day 224 Corn Field No. 6 


Stalk Water Content: 
Fresh Leaf Biomass: 
Hei ght : 

Soil Moisture: 

2.357 kg m~ 2 
0.772 kg nf 2 
2.779 m 
29% + (r vv = 

0.1906, = 

0.5059) 

6 = 50° Full Canopy 

Leaves 

Removed 

Leaves and 
Fruit Removed 

Bare Soil 

oJ v (dB) - 6.79 


- 5.77 

- 5.78 

' -10.05 

-12.74 


-13.42 

-13,43 

-18,30 




Measured cr° 

Predicted d° 

% Error 

°soil 

VV 

0.099 

0.104 

+ 5 

VH 

0.015 

0.016 

+ 7 

a stalk 

VV 

0.165 

0.189 

+15 

VH 

* 0.031 

0.042 

+35 

°leaf 

VV 

0.154* 

0.094 

-39 

VH 

0.037* 

0.015 

-59 


*The leaf values assume an attenuation of 6.8 dB and 4.5 dB {2-way) for 
VV and VH, respectively, as predicted by the model. 
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Overall, the test increases the credibility of the models for 

corn. 

4.7.3 Error Analysis 

Because a model is only as good as the data from which it is 
derived, an evaluation of the errors (on both sides if the 
equation) may permit some insight into the impact such errors 
have. As originally described in the evaluation of the wheat 
model, measurement errors tend to degrade the model's ability to 
represent nature, 

"raeas + W = °pred^ round truth > + e pred • 

In this evaluation, a numerical simulation of these errors is 
performed and a correlation coefficient of o-° eas with ^p rec j is 
computed. Thus, given that we assume that this model describes 
nature exactly, these errors degrade it to some degree, solely 
because of these data errors. 

The sources of error are described in the evaluation of the 
wheat model. To summarize, an estimate of all measurement errors, 
both for ground truth and radar values, is necessary. When this 
has been done, the simulation will provide the desired data. The 
values of variance in the ground -truth and radar quantities are 
listed in Table 4.11. These values were arrived at by examining 
the variance in the raw data. 

The results of the simulation indicate that given these 
sources of error, an exact model of nature could, at best, have a 
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TABLE 4.11 

Error Simulation Results, 1981 Corn Data 


Stalk Fruit Leaf 


Parameter 

Fresh 

Biomass 

Dry 

Biomass 

Fresh 

Biomass 

Dry 

Biomass 

Fresh 

Biomass 

Dry 

Biomass 

Height 

Soil 

Std. Dev'. 

0.21 p 

0.20u 

0.23u 

0.23 m 

0.21m 

0.22u 

0.09m 

0.20m 


jj represents the mean of the measured value 
a VV has a std. dev. of 0.8 dB 
°ra has a std. dev. of 1 dB 

N * 166 

VV results: r 2 = 0.35 RMS Diff. Error = 1.10 dB 

VH results: r 2 = 0.48 RMS Diff. Error = 1.09 dB 




dZj 


L 




. A 


correlation coefficient (r 2 ) of 0.35 and 0.48 and RMS errors of 
1.10 dB and 1.09 dB for VV and VH polarization, respectively. 
That is not to say that this simple model is an exact mathematical 
description of nature, only that given the sources of error, which 
may or may not be as modeled, a large number of the errors in 
predicting a 0 may be attributed to uncertainties in both ground 
truth parameters and in measured values of a 0 . 

4.7.4 Analysis of Weather Effects 

Of the 318 original data sets, 130 were omitted from the 

model development set due to the fact that they might have been 

affected by a recent rain (within two days). In this section, 

those 130 data sets are examined to determine, what, if any, 

effect the rain might have had on <* 0 . This is possible because a 

model describing the behavior of <7° as a function of ground-truth 

parameters is now available. Since the effect may be small, a 

more accurate model is desirable. Hence, the form of the 

previously described model will be optimized for each field 

individually. These new model coefficients are presented in 

Table 4.12. Given these models, optimized on a per field basis, a 

determination of errors in the "normal" data used to determine the 

model coefficients, and the errors in the "rain-affected" data is 

made. A statistical comparison of these errors is performed to 

« 

determine if the nature of the errors is similar, (i.e., no rain 
effect) or dissimilar (some rain effect). 

The results are shown in Table 4.13. Significant differences 
are apparent in the two classes of errors for both VV and VH 


1 
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Tabl« 4.12 

(a) 

Model Coefficients and Resulting Statistics 
Optimized on a per-Field Basis - Corn 

Crop: Com Polarization: VV 


RMS 


Field No. 

• 

B 

c 

0 

E 

F 

6 

r z 

Difference 
Error (dB) 

N 

1‘ 

1.2:3 

0.083 

0.556 

0 

2.178 

1.833 

0 

0.51 

1.24 

26 

2 

0,2:3 

0.035 

0.507 

0 

0.949 

0.257 

0 

0.67 

0.59 

13 

3 

0.177 

0.028 

0.386 

0 

1.503 

1.357 

0 

0.58 

0.83 

17 

4 

0.153 

0.074 

1.175 

0 

0.779 

12.643 

0 

0.58 

‘0.54 

11 

5 

0.557 

u. 062 

0.792 

0 

2.773 

5.412 

0 

0.71 

0.63 

18 

6 

0,232 

0.500 

0.236 

0 

5.268 

4.013 

0 

0.64" 

0.60 

18 

7 

0.274 

0.381 

0.144 

0 

4.927 

1.838 

0 

0.87 

0.68 

17 

8 

0.21 2 

0.022 

0.518 

0 

5; 400 

9.085 

0 

0,61 

0.61 

12 

9 

0.E23 

0.066 

0.224 

0 

1.034 

0.793 

0 

0.96 

0.44 

16 

10 

0,153 

0.035 

1.911 

0 

7.0 

14.840 

0 

0.62 

0.71 

18 

All 

0.2:3 

0.080 

0.546 

0 

2.029 

1.833 

0 

0.35 

1.28 

166 


i — ; j . 1 — i 


n 











TABLE 4.13 


1981 Corn - Weather Effects Analysis 


Data 

Class N 


Normal 166 

Recent Rain 130 


Normal 166 

Recent Rain 130 


Mean RMS Diff. 

Error (dB) Error fdB) 

VV Polarization 


0.0009 0.77 

0.7880 1.54 


VH Polarization 

0.0069 0.95 

0.5459 1.51 


T-Test 

2-Tail 

Probability 


0.000 


0.000 



polarizations; thus, there is a high probability that the errors 
come from two different distributions. To illustrate this 
difference, histograms of the two types of errors are presented in 
Figures 4.31 and 4.32. In both VV and VH polarizations, the 
"normal" data has errors that appear to have a Gaussian 
distribution with a mean error of 0 dB. The "rain" data shows a 
much wider distribution, with errors of over 4 dB that do not 
occur in the "normal" data and a mean clearly larger than 0 dB. 
Hence, the effect of the rain seems to be to increase o° over i i 
of the "normal" canopy. 

Finally, Figure 4.33 compares the relationship between VV 
errors and VH errors for the two classes. Scattering is much 
greater for the "rain" data; it also has a higher correlation 
coefficient. This may indicate that recent rain affects oy V in 
much the same way as it does oJ H ; hence, the errors are 
correlated. 


4.8 1981 Soybean Data 

During the 1981 summer experiment, 11 soybean fields were 
monitored with the truck -mounted radar system, and a total of 348 
data sets were acquired. Shortly after beginning the observation 
phase. Field No. 7 had to be dropped from the experiment because 
of farm-operator problems; therefore, the five data sets acquired 
on that field have been omitted from the analysis because of size 
limitations. Arother six data sets were omitted from analysis 
because they were gathered after the field was harvested. A 
recent rain (within two days) might have influenced another 64 
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Figure 4.31 Histogram of the errors between predicted and 

measured o^, for the two sets of corn data: normal 
and rain-affected. 



Figure 4.32 Histogram of the errors between predicted and 

measured oyu for the two sets of corn data, normal 
and rain-affected. 
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Figure 




ERROR VH (dB) 


.33 A comparison of how the errors between predicted 

and measured o° vary with polarization and weather 
Influence. 





data sets, so these data sets are excluded from initial analysis 
and modeling. Another 18 data sets lacked soil moisture data and 
had to be omitted. Thus, of the original 348 data sets, only 255 
will be analyzed and modeled. The smoothing of the plant 

variables (ground truth) completes the clean up. (Smoothing is 

performed on all data excluding post -harvest and Field No. 7). 
Due to the structure of the canopy, no differentiation among plant 
parts was made while obtaining biomass data. A sample data set is 
shown in Figure 4.34. Note the similarity between cr° and soil 
moisture prior to Julian date 210 - 220 when plant fresh biomass 
values surge. 

Figure 4.35 shows the temporal behavior of a 0 for all ten 
fields. Note the differing time scales in Figure 4.35a and b. 
This is because Fields No. 1 through 5 were all planted in early- 
to-mid May, whereas Fields No. 6 through 11 were double-cropped, 
i.e., they were planted in fields previously planted with winter 
wheat, and thus were not planted until late June or early July. 
Due to the late start, these plants did not in general develop as 
large a biomass, and correspondingly, did not produce as good a 
yield as the first five. The overall temporal behavior of all ten 
fields is somewhat similar in that most begin with smaller er° 
values, which increase as time progresses, fluctuate, and in a few 
cases decline to the values seen in the beginning. Also note the 
similarity between ajy and for all ten fields. Figure 4.36 
compares afy with directly. A correlation coefficient (r 2 ) of 
0.75 indicates that similar mechanisms may be driving both ajy and 

°VH* 
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Figure 4.34 


JULIAN DATE (1 981) 

Temporal histories of the radar data (o°) and the 
grGund-tnJth parameters (after smoothing) along 
with the measured rainfall events for a given 
soybean field (No. 2). 
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Figure 4.36 The way in which oyy varies with oy H from the 
soybean 
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4.8.1 Initial Analysis 

As a first step in the analysis of the soybean data, 
statistics and linear correlation coefficients between a 0 values 
expressed in dB and ground-truth parameters were computed and are 
presented in Tables 4.14 and 4.15. The only parameter that seems 
to affect c° (VV or VH) is height. 

Previous investigations, though not with soybeans, have shown 
o° to be driven by canopy water content or fresh biomass. 
Therefore, Figure 4.37 was generated to examine any relationship 
between fresh plant biomass and a 0 . The plot contains data from 
all fields, although two different symbols are used to identify 
Fields No. 1 through 5 from Fields No. 6 through 11. This 
immediately illustrates the differences in dynamic range in fresh 
plant biomass; while Fields No. 1-5 exceed 10 kg nf 2 in some 

cases. Fields No. 6-11 exceed only 2 kg nf 2 . For small values of 
fresh plant biomass, <?° varies over a range of about 10 dB. Once 

fresh plant biomass exceeds about 1 kg m" 2 , er° is fairly constant, 

although some scattering still occurs. This is seen in both sets 
of fields and may be interpreted as significant canopy 

backscattering and attenuation for large (> 1 kg m" 2 ) fresh plant 
biomass values, while small (< 1 kg m" 2 ) values permit 

penetration, and soil backscattering is evident. 

4.8.2 Modeling of the 1981 Soybean Data 

In this section, various models are evaluated for their 
ability to predict a°» The criteria will be the same as those 
used previously in evaluating both the wheat and the corn models, 


TABLE 4.14 

1981 Soybean Statistics 



Mean 

Std. Dev. 

Maximum 

Mi nimum 

Units 

Volumetric 
Soil Moisture 

X 

22.4 

9.9 

51.1 

3.4 

cm 3 /cm 3 x 100 

Plant 

Fresh Biomass 

2.30 

2.55 

10.21 

0.02- 

kg/m 2 

Plant 

Dry Biomass 

0.71 

0.78 

- 3.61 

0.01 

kg/m z 

Plant 

Water Content 

1.60 

1.96 

8.43 

0.00 

kg/m 2 

Height 

0*80 

0.32 

1.23 

0.02 

m 

0°W 

- 6.8 

2.0 

-4.0 

-16.8 

dB 

0 °VH 

-13.2 

2.9 

-8.6 

-24.8 

dB 


TABLE 4.15 


Correlation 
Coefficient r 

1. Volumetric 
Soil Moisture 

2. Fresh 


Linear Correlation Analysis 
1981 Soybean Data 


Plant Biomass 

0.08 

1 



•- 

3. Dry 

Plant Biomass 

0.00 

0.82 

1 



4. Plar/c 

Water Content 

0.10 

0.97 

0.66 1 



5. Canopy Height 

-0.18 

0.53 

0.54 0.47 

1 


6. 0°yy(dB) 

-0.10 

0.38 

0.34 0.36 

0.57 

1 

7. o5 H (dB) 

-0.18 

G.34 

0.41 0.28 

0.67 

0.87 1 


For all cases, N = 255 


‘•■"i r-~-=n 










i.e. , correlation coefficient* RMS difference error (in dB), and 
number of model parameters or constants. 

The only model reported in the literature that seems to apply 
to soybeans is the cloud model from Attema and Ulaby (1976). 
Although they did not test it on soybean data, the model 
assumptions apply to the soybean canopy. Their modal has the form 


o° = A[l - exp(-B • w • h)] + C exp(D * m - B • w • h) , 

(4.21) 

where w is the volumetric water content of the canopy, h is the 
physical height of the canopy, and m s is the volumetric soil 
moisture content. This model requires 4 parameters (A,B,C,D) and 
provides correlation coefficients (r 2 ) of 0.49 and 0.50 with RMS 
errors of 1.41 dB and 2.04 dB for polarizations of VV and VH 
respectively. 

Modifications to this model showing some improvement in 
results are (1) replacing the exponential dependence on soil 
moisture with computed Fresnel reflectivities, as was done for 
corn and wheat j (2) permitting the canopy albedo and hence 
backscattering to vary with canopy conditions as well as with 
attenuation, as is currently the case*, and (3) determining which 
property of the canopy best represents the attenuation. These 
modifications result in a model of the following form 


-0 _ o.o ■ 

O ~ 0 ~r O . , 

canopy soil 


(4.22) 


C -3 


178 


where 


°canopy = “ ?xp f" B * f 2 (P 1 ant ) ] H 1 - «*p[-D * fj (plant)]} 

(4.23a) 

ff soi1 = C ^ r VV + G W ex P^“ D * f i CP^nt)] , (4.23b) 

where f^( plant) is a function of plant ground truth that is 
proportional to canopy attenuation, and fgfplant) is a function of 
plant ground truth that varies in a manner similar to that of the 
backscattering of the canopy. In keeping with the objectives of 
this study, only simple relationships will be investigated. After 
trying various combinations of available ground-truth data through 
a process of trial and error, the optimum combination of ground- 
truth' parameters was found to be 

f x (plant) = WET , fg(plant) = WET , (4.24) 

where WET is the fresh plant biomass. This results in correlation 
coefficients (r 2 ) of 0.58 and 0.67 with RMS errors of 1.28 dB and 
1.65 dB for VV and VH polarizations. Table 4.16 lists the five 
model coefficients determined, and the r 2 and RMS errors for each 
field for both VV and VH polarization. Figures 4.38 and 4,39 
present plots of predicted versus measured a 0 for all fields 
combined. In both cases, a linear regression indicates a slope of 
less than one and an intercept of less than 0 dB. Also, both 
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TABLE 4,16 

■ — * 

1981 Soybean - 10*2 GHz, 50° Incidence Angle 
Model Coefficients and Resulting Statistics 


Pol. 


A 

* 

B C 

D 

S 

vv 


0.245 

6.739 0.297 

6.80 

0 

VH 


0.061 

5.263 0.005 

5.77 

1 




r /ms Error (dB) 

r 

/RMS Error (dB) 


Field 

(N) 

VV 


VH 


All 

(255) 

0.58/1.28 


0.67/1.65 


1 

(31) 

0.62/1.31 


0.71/1.70 


2 

(34) 

0.61/1.37 


0.68/1.89 


3 

(35) 

0.77/1.66 


0.82/1.71 


4 

(26) 

0.69/1,28 


0.68/1.78 


5 

(30) 

0.71/1.24 

* 

0.77/1.60 


6 

(23) 

0.05/1.32 


0.15/1.80 


7 

(17) 

0.47/1.11 


0.59/1.18 


8 

(22) 

0.66/0.95 


0.66/1.65 


9 

(19) 

0.41/0.92 


0.44/1.47 


10 

(18) 

0.44/0.98 


0.14/1.11 
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Figure 4.38 A comparison of observed (measured) °vv with 
predicted using Eq. (4.22). 





PREDICTED SiGMAO VH (dB) 


•5 r~r — r“T~T — j~r~r — r — p-| — p~j — r -t— j — ■j i" 

1981 SOYBEAN DATA 
10.2 GHz 50 Deg 


10 


•15 


•20 


-25 


slope: 0.687 
y-intercepi: —4.39 dB 
r 2 : 0.67 N: 255 
RMS DIff Error (dB): 1.7 







❖ 


<> W , ' 40 * 

♦v; % 


♦♦ 


❖ *' 


❖ , 
* 






$ 




❖ 


J~J L 


1 


L I i L 


-25 


L,i...j x i 

-20 . -15 

OBSERVED SIGMAO VH (dB) 


1 


± l i i. 


•10 


' -5 


Figure 4.39 A comparison of observed (measured) oy.^ with 
predicted ojjp using Eq. (4.22). 
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plots show saturation along G p rec |* This is the model's attempt to 
follow the behavior shown in Figure 4.37, which shows a 0 becoming 
saturated soon after the fresh plant biomass exceeds 1 kg m" 2 . 
The model is unable to explain the scattering in o° beyond biomass 
values greater than 1 kg m" 2 . 

Figure 4*40 shows a plot of the errors (defined here as 
°meas( dB ) “ .°pred^ dB ^ ' for VV versus VH polarization. There is 
slightly less scattering along the VV axis than along the VH axis* 
which explains the fact that the RMS error for VV is less than VH. 

Figures 4.41 and 4.42 present temporal comparisons of 
measured and predicted a 0 for a given field (Wo. 2). The 
predicted a 0 is broken into its components, which shows the reason 
it behaves the way it does. Again in both cases after about 
Julian date 200 the predicted o°, composed almost entirely of 
plant backscattering, becomes saturated. This level of saturation 
is the optimum for all the fields, since all the fields were used 
in determining the model coefficients. 

Similar comparisons of measured and predicted a 0 on a 
temporal basis for each of the ten fields are presented in 
Figures 4.43 and 4.44. In most cases, the model predicts the 
early behavior of a 0 with a fair degree of accuracy. For the bulk 
of the season, the plant biomass is so great that the model 
becomes saturated In its prediction of cr° and is unable to explain 
minor fluctuations given the available ground truth. 
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Figure 4*40 A comparison of the errors in predicting oy V with 
the errors in predicting ay^. 
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Figure 4.42 


JULIAN DATE (1981) 

A comparison of measured and predicted over 
time for soybean field No. 2. The predicted value 
is the sum of three components, also shown here. 

























Figure 4.44 A comparison of measured and predicted over 
, time on a per-field basis. 
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Figure 4.44 (Continued) 
















4.8.3 Error Analysis 


As in the cases of the wheat and corn models developed 
earlier, an evaluation of the significance of data errors in the 
model's ability to predict measured a 0 was performed. The sources 
of errors and the method of simulation are identical to the 
previous two and hence further explanation would be redundant. 

The values of variance in ground truth and radar quantities 
are listed in Table 4.17. These values were obtained through 
examination of variances in the raw data. 

The results of the simulation indicate that the types and 
magnitudes of errors introduced in the data would permit an exact 
model to have correlation coefficients (r 2 ) of 0.62 and 0.79 and 
RMS difference errors of 1.10 dB and 1.14 dB for the VV and VH 
models, respectively. This would seem to enhance the credibility 
of the models. 

4.8.4 Analysis of Weather Effects 

Of the original 348 data sets acquired, 64 were omitted from 

analysis and modeling because the data might have been affected by 

a recent rain (within two days). An investigation as to what 

effect if any these rain events had on the data is now possible. 

Using the models previously optimized for the original 255 

unaffected data sets, a comparison of the distribution of errors 

* 

is possible. To make the analysis more sensitive to small 
changes, the models will be optimized on a per-field basis 
first. The results of this optimization, i.e. , the nev; sets of 
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TABLE 4.17 


Parameter 


Std. Dev. 


1981 Soybeans- Error Simulation Results 

Fresh Dry 

Biomass Biomass Height 

0.21m 0.20m 0.09m 


Soi 1 
0.20m 


m represents the mean of the measured value 
ajy has a std. dev. of 0.8 dB 
Oyfj has a std. dev. of 1.0 dB 

VV results: r 2 = 0.62 RMS Diff. Error = 1.10 dB 

VH results: r 2 - 0.79 RMS Diff. Error = 1.14 dB 


model coefficients for each field along with the accompaning r 2 
and RMS errors, are presented in Table 4. IS. 

Given these specialized models, errors between predicted and 
measured c r° for the two cases ("normal" and rain-affected) may 
becompared. A statistical comparison of these errors was 
performed and the results are presented in Table 4.19. In the 
case of VV polarization, the test concludes that the errors are 
from different distributions, i.e., the errors introduced in the 
rain-affected data are unlike those seen in the "normal" data. In 
the case of VH polarization, the test concludes that there Is only 
a 5 % chance that the errors are from the same or similar 
distributions; hence there is a 95 % chance that they are not. 
More insight as to the differing nature of the distribution of the 
errors may be gained by a visual inspection; therefore, 
Figures 4.45 and 4.46 are presented, which are histograms of the 
errors. In both cases (VV and VH polarization) the errors 
associated with the "normal" data display a distribution similar 
to a Gaussian distribution with a mean of 0 dB. The errors 
associated with the rain-affected data have much broader 
distributions, and they have values extending beyond those seen in 
the case of the "normal" data. 

Finally, Figure 4*47 compares the relationship between errors 
as a function of polarization for the two cases, rain-affected and 
"normal." The correlation coefficients indicate higher 
correlations in the rain data, which may Indicate that the effect 
of the recent rain may be similar for both polarizations. 
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Table 4.18 
(a) 

Model Coefficients and Resulting Statistics 
Optimized on a Pet-Field Basis - Soybeans 
Crop: Soybeans Polarization: VV 


Field -No. 

A 

E 

■ C 

D 

G 

r* 

ms 

Difference 

Error{d8) 

N 

1 

0.253 

5.669 

0.759 

6.80 

0 

- 0.62 

1.04 

31 

Z 

0.224 

9.620 

0.173 

6.80 

0 

0.62 

- 1.31 

34 

3 

0.268. 

2.934 

0.248 

5.83 

0 

0.79 

1.43 

35 

4 

0.260 

9,766 

0.021 

6.80 

0 

0.71 

1.21 

26 

5 

0.274 

6.770 

0.254 

6.70 

0 

0.71 

1.16 

30 

6 

0.209 

38.15 

0.189 

3.22 

0 

0.13 

0.95 

23 

8 

0.334 ’ 

1.669 

0.619 

3.375 

0 

0.68 

0.81 

17 

9 

0.284 

4.849 

0.227 

5.595 

0 

0.66 

0.79 

22 

10 

0.244 

24.771 

0.033 

6.80 

0 

0.42 

0.76 

19 

11 

0.235 

3.679 

0.226 

6.80 

0 

0.44 

’ 0.79 

18 

All 

0.245 

6.738 

0.297 

6.80 

0 

0.58 

1.28 

255 


GuU GO mm cm 


r-i n mi«* 

I I , ■ m** 


mm 


cm 




r 


dD m 


a b 



TABLE 4. 

Crop: Soybeans Polarization: VH 

RMS 

Difference 


Field No. 

A 

B 

C 

D 

G 

r z 

Error(dB) 

1 

0.060 

7.698 

0.001 

6.80 

1 

0.72 

1.64 

2 

0.050 

6.412 

io-* 1 ' 

6.80 

1 

0.69 

1.70 

3 

0.066 

3.139 

0.006 

3.61 

. 1 

0.85 

1.53 

4 

0.062 

5.485 

10"* 

6.80 

1 

0.70 

1.73 

5 

0.071 

4.625 

0.007 

4.595 

1 

0.77 

1.51 

6 

0.091 

0.737 

0.298 

6.80 

1 

0.37 

1.47 

8 

0.089 

1.470 

0.031 

6.80 

1 

0.69 

1.00 

9 

0.075 

3.392 

io- 1 * 

4.162 

1 

0.63 

1.46 

1 10 

0.065 

8.915 

0.001 

6.80 

1 

0.43 

1.12 

. 11 

0.057 

6.185 - 

0.004 

6.80 

1 

0.16 

1:07 ■ 

All 

0.061 

5.256 

0.005 

5.781 

1 

0.67 

1.65 


t 
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TABLE 4.19 

1981 Soybeans - Weather Effects Analysis 


Data 

Class 

N 

Mean 

Error (dB) 

RMS Diff. 
Error (dB) 

T-Test 

2-Tail 

Probability 



VV Polarization 


Normal 

255 

-0.0018 

1*10 


Recent Rain 

64 

0.6606 

1.76 

0.000 

• 


VH Polarization 


Normal 

255 

-0.0055 

1,49 


Recent Rain 

64 

0.4472 

2.20 

0.051 


CZ3 


cin- cn czj 




1981 SOYBEANS - W 
’’RAIN DATA’* N=^64 
MEAN ERROR - 0.661 dB 
STD. DEV. = 1,644 dB 


"NORMAL DATA" N « 255 
MEAN ERROR = -0.002 dB 
STD. DEV. =1.105 dB 
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Figure 4.45 


Histogram of the errors between measured and 
predicted ciyy for the two sets of soybean data 
normal and rain-affected. 





Figure 4.46 Histogram of the errors between measured and 

predicted for the two sets of soybean data: 
normal and rain-affected. 
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Figure 4.47 A comparison of the ways in which the errors 
between predicted and measured <r° vary with 
polarization and weather influence. 
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4.9 Summary and Conclusions 

An experiment conducted in the summer of 1981 by the 
University of Kans.as Remote Sensing Laboratory measured the 
backscattering at X-band {10.2 GHz), at a SO® incidence angle, 
with polarizations of VV and VH using a truck-mounted FM-CW 
scatterometer. Coincident ground truth, consisting of plant 
biomass and height, soil moisture and texture, and the harvested 
yield, was also collected. The data set collected is unique in at 
least two ways. First, the data collected from typical 
agricultural fields incorporating commercial techniques, which are 
unlike special, prepared plots, consisted of ten fields of each 
crop type (corn, wheat, and soybeans). Each field was visited at 
least twenty times during its growing season, providing an 
enormous data set that will permit many new investigations. 
Secondly, due to the scatterometer' s design, reliable VH data are 
available for the first time for agricultural data of this 
magnitude. 

Initial examination showed that the temporal behavior of the 
ten fields of each crop type is similar but by no means 
identical. Wheat showed the greatest similarity of behavior, 
while com and soybeans showed more variability. In all cases, 
high correlations were observed between ojy and 

Models were developed for each crop type and polarization, 
and these proved to be superior to any previously reported in the 
literature. Although the same principles were applied in 
developing these models, an added feature was the introduction of 
a function representing an albedo dependent on crop parameters 



(previous models had assumed a constant albedo). A second factor 
simplifying the modeling of soil backscattering was the* use of 
Fresnel reflectivity. This was possible for the following 
reasons: (1) dielectric measurements at X-band of soils having the 
same or similar textures were made in conjunction with the 1981 
summer experiment, and (2) theoretical models explaining rough 
surface backscattering indicate a factor of Fresnel reflectivity 
representing the dielectric dependence of the backscattering. 

Table 4.20 lists the models developed, along with model 
coefficients, correlation coefficients, and RMS difference errors 
for each crop and polarization. In determining the model 
coefficients via a nonlinear regression computer program seeking 
to minimize the RMS error, the magnitude of the attenuation was 
kept within the limits of values reported from measurements. A 
comparison of the reported values and those predicted by the 
models are presented in Table 4.21. Clearly, the values do not 
match exactly, however for the most part they are not in great 
disagreement, with the exception of soybeans. In that case, the 
model would have selected an even higher value for attenuation had 
not limits been imposed to keep the values "reasonable." The 
exact influence of this high attenuation on the model's ability to 
predict cr° is not clearly understood, so this trend for higher 
attenuation may be a numerical artifact, i.e., only slight 
(insignificant) improvements in r 2 and the RMS errors are achieved 
by increasing the attenuation. The modeled values may, therefore, 
not be indicative, of the true attenuation, in the case of 
soybeans. Also, none of the attenuation measurements was made in 
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Wheat 


TABLE 4.20 
• Model Summary 


0° = 

* 

A(1 

-e- E 

• SH20/Ht 

)[1 ~ e- 

•E • SH20-J e -D • 

FH20 

+ 

B • 

FWT 





+ 

c(r, 

</v + G 

r HH^ e ° 

• FH20 - 

■ E • SH20 • 




A 

B 

C 

D E 

F G 

VV 


0.153 

0.036 

1.148 

4.272 2.445 

0.112 0 

VH 


0.025 

0.013 

0.073 

2.382 1.440 

* 

0.125 1 

N = 143 


VV 

■¥ r 2 = 

0* 61 

RMS Error * 

2.04 dB 



VH 

+ r 2 - 

0.64 

RMS Error - 
• 

1.90 dB 

f 

Corn: 

c° = 

A(l 

-e- F 

• LWT/Ht^j . e -I 

^ • LWT) 



+ B • SH20 * e" E * *-WT 


+ c(r vv + G • r HH ) e’ E ' LWT 



A 

B 

C 

E 

F 

G 


VV 

0.298 

0.080 

0.546 

2.030 

1.836 

0 


VH 

0.079 

0.018 

0.023 

1.340 

1.263 

1 


1 = 166 

VV 

+ r 2 = 

= 0.35 

RMS 

Error = 

1.28 

dB 


• VH 

♦ r 2 = 

= 0.44 

RMS 

Error = 

1.37 

dB 
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TABLE 4.20 (Continued) 


Soybeans: 

o° . A (1 - e- B • WET ) (i - e-0 


WET- 


+ + ^ ^hh ) e 


-D • WET 


HH- 


A B C D G_ 

VV 0.245 6.739 0.297 6.80 0 

VH 0.061 5.263 0.005 5.77 1 


N = 255 VV + r 2 = 0.58 
VH + r 2 =0.67 


RMS Error = 1.28 dB 
RMS Error - 1.65 dB 


GROUND -TRUTH VARIABLE IDENTIFICATION 

SH20 = stalk water content (kg m” 2 ) 

(for wheat this includes leaf water content) 

Ht = canopy height (m) 

FH20 * fruit (grain head) water content (kg m -2 ) 

FWT = fruit fresh biomass (kg m* 2 ) 

LWT = leaf fresh biomass (kg m" 2 ) 

WET = plant fresh biomass (kg m" 2 ) 

Tpp = Fresnel reflectivity jRppj, 2 for polarization pp 



TABLE 4.21 




Attenuation Analysis (2-Way) 50° 10.2 GHz 

t 


Wheat 


Atten. Coeff. 

Leaf 

Head 

Corn 

Soybeans 

VV 

2.445 

4.272 

2.03 

6.8 

VH 

1.44 

2.382 

1.34 

5.77 

GT Factor 

LH20 

FH20 

LWT 

Wet 

Mean 

1.276 

' 0.256 

0.782 

2.249 

Std. Dev. 

0.954 

0.231 

0.467 

2.530 

Maximum 

3.852 

0.746 

1.898 

10.211 



VV 

Polarization 


Atten. (dB) 





Mean 

13.5 • 

4.7 

6.9 

66.4 

± Std. Dev. 

10.1 

4.3 

4,1 

74.7 

Maximum 

40.9 

13.8 

16.7 

301.3 



VH Polarization 


Atten. (dB) 





Mean 

8.0 

2.6 

4.5 

56.3 

± Std. Dev. 

6.0 

2.4 

2.7 

63.4 

Maximum 

24.1 

7.7 

11.0 

255.7 

Reported Attenuation (VV) 

y 9 



■50°, X-Band 

30.4 

9.9 

20-30 

32-44 


1981; therefore, various climatic effects might have played a role 
in ' crop development and hence could have modified the canopy's 
attenuation. 

# 

Another check of the quality of these models was made in the 
form of an error analysis in which the various errors were 
accounted for in a simulation of the measurement process. The 
results indicated that a significant discrepancy between the 
measured and predicted o° could be explained in this ‘way. 

These models, in combination with the large, continuous data 
set, permitted an investigation into the effects (other than soil- 
moisture variations) of weather events on cr°. The results 
indicate that the presence of wind during data acquisition does 
not alter a 0 significantly as long as it does not alter the canopy 
geometry significantly. However, these effects were only 
investigated for wheat canopies, as were the effects of blown-down 
areas of canopy, which showed a great deal of difference from 
normal canopy conditions. Rain effects were present in all three 
crop types and significantly altered the measured a 0 from the 
model -predicted values. In all cases, the average error was 
greater than 0 dB, indicating that rain events tend to increase 
a 0 . This agrees with the observations presented in Chapter 3, 
which experimentally determined the effects of free water in the 
canopy. 

4.10 Yield Estimation from Remotely Sensed Data 

As stated previously, the ultimate application of remote 
sensing with regard to agriculture is to estimate total crop 


production in a timely and efficient manner. To. arrive at total 
crop-production estimates, it is necessary to identify crop types, 
estimate the areal extent of each field, and finally, to estimate 
yield. 

Other investigations have dealt with the first two objectives 
by utilizing various remote-sensing data; however, this 
investigation will restrict itself to an examination of yield 
estimation only. 

The yield produced by a given crop at a given location is a 
function of many variables. The plants must have available to 
them certain nutrients, including water and nitrogen. They must 
also receive large amounts of solar radiation and their 
temperature should remain within certain limits to ensure vigorous 
growth. Biologists and agronomists have studied the effects of 
these factors on plant vigor, and models can now be developed that 
take these factors into consideration in order to estimate yield. 

One such model was developed by Coelho and Dale (1980). It 
is called the Energy Crop Growth (ECG) model and is used for 
estimating corn (maize) yield. .This model takes the form 

V 

ECS « 2 (SR/600). (SRI). (WF). (FT), , (4.25) 
i= tl 1 1 1 1 

where SR is the daily solar radiation available to the canopy, WF 
is the ratio of daily evapotranspiration to potential 
evapotranspiration (a measure of water stress), and FT is s roily 
temperature function that relates growth rate to soil 
temperature. The summation occurs over the growing season. For 
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best results, it was found that and t 2 should be 12 weeks 
apart, with silting occurring midway. The Solar Radiation 
Intercepted (SRI) is a function that estimates a canopy's ability 
to intercept and utilize solar energy. Of the four factors, SR, 
WF, and FT are directly weather-dependent factors, and the last 
two are also functions of soil condition. SRI is the only factor 
that depends entirely on the plant. In essence, the model says 
that given adequate water and proper temperature 'ranges, yield 
wiVl be proportional to the canopy's ability to intercept and 
utilize solar energy. Linville et al. (1978) showed a 
relationship between the canopy's LAI (leaf area index) and SRI 
(solar radiation intercepted) of the form 


SRI = 1 - e‘°- 79 ’ lAI 


(4.26) 


Hence when LAI is zero, no energy is intercepted, and when LAI is 
about 2.9, 90% of the available energy is intercepted. 

Therefore, it would appear that if remote-sensing data could 
provide an estimate of LAI, and assuming that no significant 
water- or temperature-stress occurs during the growing season, a 
yield estimate is obtainable, for corn at least. Shibles and 
Weber (1966) reported similar SRI-LAI behavior for soybeans, 
indicating that the ECG may be appropriate for soybeans as well. 
Osman (1971) showed a relationship between SRI and dry-matter 
production in wheat, which again indicates another possible crop 
appropriate for the ECG model. 

Remote-sensing research in the optical region shows that a 


combination of channels (Green, Red, Infrared) termed "Greenness 11 
may be related to LAI for corn and soybeans (Daughtry et al., 
1982} for use in estimating yield. Tucker et al. (1981) showed 
that plant vigor was related to red and infrared spectral data, 
and goes on to show a relationship to total dry-matter 
accumulation. 

Little if any work of this kind has been done using radar as 
the remote-sensing tool. Based on the models for vegetation 
backscattering, radar shows some of the properties necessary for 
crop monitoring, namely, that radar backscattering is strongly 
dependent on LAI (for corn, wheat, and mil o ) (Ulaby et al., 1983) 
and that radar is sensitive to the amount of soil moisture present 
(Batlivala and Ulaby, 1977), and 'hence can monitor moisture 
stress. Brisco et al. (1983) showed a strong linear dependence 

between LAI and fresh leaf biomass in corn and soybeans, 
indicating that the models developed earlier can be converted into 
LAI dependence, for corn at least. 

With this in mind, an analysis of the 1981 radar data was 
performed to determine if there, is any correlation between a 0 and 
yield. The farm operators provided yield data for each field 
after harvest. These data are shown in Table 4.22. Of the 30 
fields, three were not harvested for grain; hence no yield data 
were available. With the remaining nine fields of each crop type, 
a correlation between the yields and mean <?° for the growing stage 
was computed. These results are shown in Table 4.23. For wheat, 
the radar data were broken into two periods: one with high 

attenuation (low a 0 ), typically Julian dates 120 to 160, and the 
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TABLE 4.22 
Crop Yield Summary 

Yield (Bushels/Acre) 

Field No. Wheat Corn Soybeans 


1 

54 

141 

43 

2 

56.5 

— 

49 

3 

42 

152 

'52 

4 

44 

149 

47 

5 

55 

161 

38 

6 

58 

144 

44 

7 

50 

137 

30 (8) 

8 

48 

75 

37 (9) 

9 

48.3 

141 

~ (10) 

10 


144 

44 (11) 


Mean 

Std. Dev. 
N 


50.6 

5.6 (11%) 
9 


138.2 
24.8 (18%) 
9 


42.7 

6.7 (16%) 
9 



TABLE 4.23 

Mean cj° vs. Yield: Correlation Analysis 
Correlation Coefficient (r) 


(N = 9) Wheat 

03 

QJ 

S» 

s- 

> 

VV(dB) 

VK(real) 

VH(dB) 

Days 120-160 

-0.083 

-0.062 

+0=015 

+0.019 

Days 161-190 

-0.130 

-0.104 

-0.231 

-0.315 

Difference 

-0.112 

-0.030 

-0.272 

-0.326 

Ratio 

-0.313 

-0.173 

-0.042 

0.004 

(N = 9) Corn 

Days 135-220 

0.115 

0.085 

0.062 

0.042 


(N - 9) Soybeans 

Days 180-260 (1-5) 

and 230-230 (6-11) -0.166 -0.159 -0.524 -0.522 


SZ3 


zn ■ cz3 


I— J 


a 




other with low attenuation (higher ct°) typically 161 to 190. For 
corn, this period was from 135 to 220, inclusive, and for soybeans 
it was from 180 to 260 for Fields 1 to 5, and 230 to 280 for 
Fields 6 to 11. In each case the mean <*° was found in real 
numbers (m 2 ro" 2 ) and correlations were done with cr° in both real 
units (m 2 m” 2 ) and in dB. The "difference" label under wheat 
indicates a difference in the means for the two periods per field; 
"ratio" Indicates the ratio of the two means. Clearly, in all 
cases, no significant correlation is shown. It is only for 
soybeans with VH polarization that a correlation exceeds even 0.5. 

Following the hypothesis that a 0 is proportional to LAI, or 
simply that cr° is proportional to plant vigor and productivity, an 
integration of cr° (real, rn 2 m" 2 ) over the growing period was 
performed. Since the early portion of the growing season in wheat 
was "missed," which apparently included the peak seen by Ulaby et 
al. (1983), wheat was excluded from this type of analysis. The 
period chosen for corn was the same as that recommended by Dale 
(1976) i.e., date of silking (182) ± six weeks (42 days) or Julian 
dates 140 to 224. The period chosen for soybeans was that period 
during which cr° might be attributed mainly to vegetation and not 
to soil, i.e., for Fields 1 to 5, Days 180 to 260 and for Fields 6 
to 11, Days 230 to 280. In-order to perform the integration, 
interpolation was necessary. The results are shown in 
Table 4.24. Again, no significant correlation was found for 
either crop or polarization. 

One possible explanation for the absence of a strong 
correlation between cr° and yield, other than that they are truly 
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TABLE 4.24 


Integrated a 0 vs. Yield: Correlation Analysis 
Coorrelation Coefficient (r) 





VV 

VH 

rvi 

| k 

{N = 9) 

Corn (Days 150-220} 

0.150 

0.093 

ro 

(N - 9) 

Soybeans 

0.426 

0.359 


(1-5, days 180-160) 
(6-11, days 230-280) 


rm L—j is o 


a czj Lzn cm C3 




uncorrelated, is that 'the number of fields involved was small (N=9 
per crop), and the variance in yields among these nine fields was 
not great. Hence, in order to study this relationship properly, a 
much larger sample of fields and a wider distribution of yields is 
necessary. 

5.0 A DETERMINISTIC APPROACH 

In the previous chapter, experimental data were- modeled using 
a semi -empirical /semi -theoretical approach. Although this 
approach is usually successful, questions concerning the model's 
physical interpretation may be left unanswered. Furthermore, 
constants obtained through the optimization of the model for one 
set of data may differ significantly when the same model is 
applied to another experimenter's results. Aside from the 
question of absolute calibration level, one may reason that 
although the measurements were made thousands of miles and perhaps 
years apart, the physics of the phenomenon is the same; hence, 
should not the models be quite similar? Perhaps as our 
understanding of the physical processes involved becomes clearer, 
our models will begin to depend more on theory and less on 
empiricism. 

This is certainly true in the case of modeling the microwave 
backscattering properties of agricultural fields. The form of the 
canopy backscattering model. 


O _ O .JO . “2 

can veg soil 


(5.1) 
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is theoretical in origin, as is the form for 

tf° Ve g = 0.75 u[l-L" 2 ] cos 0 

where L“ 2 = exp(-2T sec 0), 
which assumes single scattering in a lossy volume having diffuse 
boundaries. Here b is the volume albedo and t is the optical 
thickness of the volume,. Armed with these relationships, the 
analyst need only determine (empirically) values for u and t as 
well as as was done in Chapter 4. Reliance on theoretical 

models may be taken one step further, since accurate formulas 
already exist for scattering from rough dielectric surfaces, e.g., 
the Kirchhoff stationary phase approximation, the small- 
perturbation model, etc. Although these models are quite complex 
mathematical Ty, they agree nicely with measurements when certain 
characteristics about the surface are known (e.g., dielectric 
constant, surface RMS height, and roughness statistics such as the 
shape of the autocorrelation function). Again, in order to yield 
good results, these are usually left as free parameters to be 
determined by the analyst* 

Summaries of these surface-scattering models are presented in 
Appendix C along with examples of the ways in which various input 
parameters affect backscattering properties* In addition, an 
effort was made to increase the usefulness of these theoretical 
models by removing an obstacle for many would-be users, i.e., 
mathematical complexity. When appropriate, relatively simple 
empirical models were derived that agree ciosely with these 


veg 


(5.2) 


"exact 11 models, thus eliminating the need for elaborate computer 

programs. The same is true for a radiative-transfer solution to 

the volume scattering situation (Ulaby et al., 1982). The 

* 

theoretical model, which requires complex integration and matrix 
inversion, was approximated by a relatively simple empirical 
model, which is in close agreement with the original over given 
regions of applicability. It should be noted here that the 
theoretical model for volume scattering treats the case of 
multiple scattering as well as the case of surface-volume 
interaction backscattering. 

Given this level of understanding of the interaction process, 
the next step would be to develop theoretical models for canopy 
attenuation (L 2 ) and canopy albedo (w). Electromagnetic theory 
tells us that one of the inputs into any such model will be the 
canopy's dielectric properties. Therefore, investigators at the 
University of Kansas Remote Sensing Laboratory (and others) have 
begun detailed investigations into this topic. Determination of 
the exact relationship between canopy properties and canopy 
attenuation and albedo, as yet unattained, will result in 
deterministic, rather than empirical, models that will not need to 

...... I - 

be "fitted" to a given crop type, frequency, incidence angle, 
polarization, etc. Given the necessary ground truth, the model 

will predict cr° within an accuracy limited only by the 
uncertainties in the ground truth. Because the geometry of a 
vegetation canopy represents a random process, some flexibility 
will undoubtedly remain in the model. 

215 . . 


5.1 A Deterministic Model for Canopy Attenuation 
* The experimental data coupled with dielectric measurements 
and dielectric mixing formulas presented in Chapter 2 have shown a 

*i 

deterministic relationship with a theoretical basis for 
attenuation by wheat stalks and heads. Thus, given information on 
the size-, spatial-, and angular-distributions of the stalks 
and/or heads, a good estimate of the attenuation (due to 
absorption) by these canopy components becomes available. 
Unfortunately, the lack of a sufficiently large, independent 
data-set prohibits such a test at this time, although future 
experiments will no doubt be conducted to test and improve upon 
these deterministic models. 

The case of attenuation (resulting from absorption) due to 
leaves in a canopy has been examined by Ulaby et al. (1984). In 
their approach, leaves are considered to be thin layers of a lossy 
dielectric material, all of which for simplicity are assumed to be 
horizontally aligned. Two approaches are taken. The first is one 
in which the dimensions of the individual leaves are assumed to be 
much larger than a wavelength (in the leaf material), which is the 
case for a dielectric slab (for X+0). Hence the coherent 
transmissivity (T c ) is computed for a wave passing through a 
leaf. To account for the number of leaves in the volume, multiple 
layers are superimposed (incoherently) and the result is an 
expression for leaf attenuation (due to both scattering and 
absorption) of the form 
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For the details of computing t c , the interested reader is referred 
to Ulaby et al. (1982), Chapter 4. 

The second approach treats leaves as being much smaller than 
a wavelength (in the leaf material). By treating the leaves as 
small, lossy, disc-shaped inclusions of finite thickness, the 
mixing formulas of Polder and Van Santen (1946) may be applied to 

i 

obtain an effective dielectric constant of the volume. In order 
to obtain the volume fraction of the leaf inclusions, LAI is used, 
resulting in the following expression for leaf attenuation (due to 
absorption): 

= ex P(ffe s 'i t a sec0 * LAI )’ (5.4) 

■i 

Here is the imaginary part of the dielectric constant of the 
leaf material, and t A is the thickness of the disc, taken here to 
be the thickness of a leaf. Both models require as inputs and 
t^ and although the assumptions concerning the relative sizes of 
leaves and wavelength are vastly different, the results of each 
approach do not differ drastically for electrically thin leaves. 

As a result, another step towards a wholly deterministic 
canopy backscattering model has been made. Before these models 
can be applied with any confidence, however, tests verifying their 
applicability will need to be made. As mentioned previously, a 
data set of adequate extent does not exist at this time to test 
the validity of the wheat stalk and head absorption model. 
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However, because leaves dominate both backscattering and 
attenuation in the case of a corn canopy, and since leaf biomass 
data, soil -moisture data, and a 0 data are available, a test of the 

r 

deterministic model of corn leaf attenuation is in order. 

5.2 Test of the Corn Leaf Attenuation Model 

In order to test the proposed deterministic model with the 
1981 corn . a 0 data, a direct replacement of L^- as given in 

Eq. (5.4) will be made for the exp[-E*f 3 (leaf)3 in Eq. (4.19). 

The choice of Eq. (5.4) over (5.3) is a matter of simplicity, 

i.e., since both formulas give approximately the same value for 
Ljj, Eq. (5.4) is chosen because it is much easier to compute. 

This test cannot prove beyond doubt the accuracy of either (5.4) 
or (5.3), since the data are not measures of L A directly, rather 
they are measures of a 0 . Hence any number of formulas may work 
equally well. However, since this model has its foundation in 
theory, if it proves satisfactory it will add credibility to its 
utility. Thus, the equation for cr° will be of the form 

00 35 ^leaf + a °stalk + ff °soil ( 5 - 5 ) 

where 

°°eaf = °* " - L f 2 } ft ” exp(-D-LAr/HT)} (5.6a) 

“stalk “■ “st ‘ B SH2 ° < 5 - 6b > 
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(5.6c) 


soil 


A o * ■< 
- °s = cr vv L 


where SH20 and r „ are as defined in Section 4.5.2, and U is 
from Eq. (5.4). The necessary inputs for include 

\)* e J» 9 > an d LAI. Both and 0 are system parameters and 
will be taken to be 3 cm and 50°, respectively. The average leaf 
thickness will be taken to be 0.2 mm, since this was recommended 
by Ulaby in his presentation of Eq. (5.4). The imaginary part of 
the leaf dielectric constant (e£ ) was measured by Ulaby and 
Jedlicka (1983) at 1*5, 5.0 and 8 GHz, and an application of their 

II 

8 GHz data will be made. A polynomial fit of resulted in the 
following equation: 


e" « 9.847 m + 15.462 - 4.39 m®, (5.7) 

with a correlation coefficient of 0.999 and an RMS error of 
0.0397. The range of values for volumetric leaf moisture, m v , is 
0 < m v < 0.8. The final necessary input, LAI, is available in the 
form of an estimate based on the fresh leaf biomass value. Brisco 
et al. (1983) showed a correlation coefficient (r) between fresh 
leaf biomass and LAI of 0.94* The estimate is of the form 


LAI - 3.63 it^, 

where m,^ is the fresh leaf biomass per unit area (kg m" 2 ). 

Thus, all of the inputs necessary to evaluate the model are 
available. Because uncertainties are present in t £ , and to 
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account for the fact that the leaves are not in fact all 
horizontal, a fitting factor E will be included in of the form 

L^ - exp o||- t^ sece • LAI • E]. (5.8) 
o 

To maintain the deterministic nature of L A , the range of E will be 
from about 0.3 to 2.5, since these are the approximate limits of 
the uncertainties in the quantities involved. 

With the model thus defined, a test using the 1981 corn data 
set (containing 166 observations) was conducted with the following 
results. The model was found to be optimum with the following 
values for the model constants: A ■ 0.350 t B « 0.0374, C = 0.579, 
D = 0.710, E = 0.586. Such an assignment resulted in a 
correlation coefficient (r 2 ) of 0.34 and an RMS error of 
1.29 dB. This is nearly identical to the results obtained in 
Section 4.5.2 using the empirical formula* Thus, by eliminating a 
degree of freedom in developing the empirical model through the 
introduction of a deterministic quantity, a comparable fit of the 
measured data was obtained. 

Before proceeding to a discussion of some of the benefits of 
using such a deterministic model, a word or two should be said 
about how an r 2 of 0.34 is seen to be significant. It was shown 
in Section 4.5.3 that the bulk of the RMS error, as well as the 
seemingly poor r 2 result, may be attributed to measurement 
error. A simulation of the errors was made and the result showed 
statistics similar to those obtained above* The true cause of the 
low r 2 lies in the fact that the overall dynamic range of c° is 
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less than 10 dB, with a majority of the data varying by less than 

about 3 dB. Hence, the RMS error of just over 1 dB may be a 

better measure of the quality of the model than r 2 , because r 2 is 

* 

influenced by the slope of the relationship between the two 
variables being correlated. 

The significance of the fact that a 0 has a 10-dB dynamic 
range over the entire season should not be lost in this 
statistical, anomaly. The reason the values of a 0 are quoted in 
units of dB rather than in m 2 m -2 is that variations of several 

orders of magnitude in a 0 are a common occurrence. This is 

particularly true when a 0 is presented as a function of incidence 

angle. Still, a variation of no more than 10 dB over time, when 
canopy height and biomass quantities go from near zero to their 
maximum and then down again, is somewhat surprising. Errors of 
the order of 1 dB in a 0 measurement may reduce dramatically the 
apparent quality of a model (determined statistically). 

5.3 Analysis Using the Deterministic Model 

One advantage of a model having a definite physical 

interpretation is that it enables the analyst to perform 
simulations of the effects of changes in sensor specifications. 
In this case, the effects of changes in frequency and incidence 
angle as well as the effects of variations in target conditions 
are "built into" the formula for L^. 

Using data reported by Ulaby and Jedlicka (1933), expressions 
for ^ similar to Eq. (5.7) were obtained for frequencies of 
1.5 GHz and 5 GHz. For 1.5 GHz, the form of is 

221 • 


(5.9) 


' e" = 15.69 m + 21.29 raj - 9.489 mj, 

* Y V V 

4 

and for 5 GHz, the form for is 

e« - 7.400 m v + 19.14 mj - 7.797 mj. 

In both cases, r 2 was found to be 0.9999 and the RMS error was 
0.052. Ulaby and Jedlicka (1983) also present values for s£ (as 
well as ejy for various frequencies (from 1 to over 8 GHz) for 
corn leaves having a volumetric moisture (m v ) of 60%. Using this 
data, values for L^ were computed with Eq. (5.8) using a value for 
E of 0.586 as determined earlier. Figure 5.1 shows the behavior 
of as a function of frequency at three incidence angles. The 
parameters characterizing the canopy are a leaf area index (LAI) 
of 4, a leaf volumetric moisture (m y ) of 60%, and a leaf thickness 
(t A ) of 0.2 mm. On the basis of this figure, the effect of 
increasing the frequency (decreasing \ Q ) is clearly shown. As the 
incidence angle is increased * the attenuation increases, as 
expected. It is interesting to note that while values for ej 
decrease with increasing frequency up to about 2.5 GHz after- which 
ej increases with frequency, this behavior is masked by the A" 1 
factor* The dip around 2.5 GHz is attributed to the saline nature 
of the water in the leaf, measured by Ulaby and Jedlicka (1983) to 
be about 11 parts per thousand or 11 °/oo. The influence of this 
dip in is apparent in the rate of increase in attenuation with 
frequency— between 5 and 10 GHz, a factor of two in frequency. 
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-WAY ATTENUATION (dB) 


CORN 
LAI « 4 
m v aa 60 % 
tj « 0-2 mm 


4 5 6 

FREQUENCY (GHz) 


Figure 5.1 Computed two-way canopy attenuation as a function 
of frequency, using Eq. (5.7) with E = 0.586. 
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attenuation increases by about a factor of 3, yet between 1.5 and 
3 GHz attenuation increses by only a factor less than 2. 

As we now have models for both soil backscattering and leaf 
attenuation, o£ an , as de fi ned in Eq* (5.1) using Eq. (5.2) to 
define aj eg , can be calculated and studied. In adopting the form 
for of Eq. (5.2), we are modeling the backscattering from the 
leaves only (neglecting any stalk contribution), which is 
acceptable only when leaves are dominant, i.e., when leaves are 
lush and fully developed. This assumption is based on 

observations at X-band, and since data on this subject are not 
available at lower frequencies, we will apply it to L- and C-band 
simulations as well. 

One more assumption is needed before proceeding, and that is 
a choice of values for the canopy albedo, w. To keep the analysis 
as simple as possible, the albedo will be modeled as being 
independent of LAI, i.e., a constant albedo will be used, its 
value depending on the wavelength and the dielectric properties of 
the leaves. As Rayleigh scattering has been used in obtaining 
Eq. (5.2), it is appropriate to adopt the Rayleigh approximation 
for albedo, u, where « takes the form 

(5*11) 

where S s and £ e are the scattering and extinction efficiencies. 
In the Rayleigh approximation these efficiencies take the form 
(Ulaby et a!., 1981) 
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X* |K] 2 


(5.12a) 


and 

5 e =| X 4 |K| 2 + 4 x Xra{-K} (5.12b) 

where 



(5,13a) 


and 



1 




(5.13b) 


Here r is the effective radius of the spherical scatterer. 

From the values obtained in applying the deterministic leaf 
attenuation model to the 1981 corn cr° data, an average albedo of 
about 0.45 was determined optimum. This value shall be adopted as 
the X-band albedo and by scaling, values for C- and L-bands will 
be obtained. From corn leaf dielectric measurements (Ulaby and 
Jedlicka, 1983) a value for e £ at a given volumetric moisture 
(45%) is available at all three bands. At X-band, 
e £ = 16.76 - j7.16; at C-bands, = 17.68 - jS.BOj at L-band, 
e £ = 26*57 - jlO.51, when m y - 45%. Thus by knowing e £ and to at 
X-band (x Q = 3 cm) the only unknown is r which when assigned the 
value of 0.57 mm gave the desired value for w of 0.45. By using 
this same value for r at C-band an albedo of 0.15 was obtained. 
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At L-band the use of this value for r resulted in an albedo of 
0.012. These values for albedo* 0.45, 0.15, and 0.012, shall be 
used at X-, C-, and L~bands, henceforth. 

For the soil backscattering term, the Kirchhoff scalar- 
approximation model is chosen, and values for the RMS height (a) 
and correlation length (L) of 0.8 cm and 10 cm were chosen. A 
volumetric soil moisture of 0.15 cm 3 cm" 3 was assumed also. Using 
dielectric measurements of a given soil type (Soil Type No. 3) as 
discussed in Appendix A, the Fresnel reflection coefficients were 
computed as the final input into the model. 

Figure 5.2 shows the angular behavior of o°(dB) computed using 
the model given above at L-, C-, and X-bands (1.5, 5.75, and 
10 GHz). As expected, all three curves show a decrease in a 0 as 
incidence angle increases. As the attenuation due to leaves 
becomes sufficient, canopy backscattering begins to dominate at 
large angles. 

To examine the significance of variations in u soil due to 
changes in soil moisture, a study of the sensitivity of a 0 to soil 
moisture was undertaken. Figure 5.3a shows the level of change in 
a can due a cm3 cm ~ 3 Crease in soil moisture. As 
one might expect, L-band shows the highest sensitivity because it 
suffers the least attenuation and has the lowest canopy albedo* 
In addition, small incidence angles enhance sensitivity in most 
cases, again primarily because of reduced attenuation. The fact 
that C-band is considered optimum for soil -moisture sensing 
(Ulaby, 1977) rather than L-band is supported by the fact that C- 
band is less sensitive to surface-roughness changes, an aspect not 
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Computed o° as a function of incidence angle (0). 
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Figure 5.3 Computed difference in a 0 as a result of changing 
soil moisture for (a) a corn canopy over soil, and 
(b) bare soil. Units are {dB/CL10 cm cm -3 ). 











treated here. For comparison* Figure 5.3b shows a the level of 
change in cr| 01 "j(dB) (bare soil) due to a 0.10 cm 3 cm" 3 increase in 
soil moisture. 

* 

To investigate the sensitivity of a 0 to leaf area index (LAI), 
the model was again used to compute a 0 , this time with fixed soil 
moisture (0.15 cm 3 cm” 3 ) and varying LAI. Figures 5.4(a) through 
(c) show the results. For all three frequencies, it is apparent 
that the larger incidence angles are the most sensitive to LAI. 
It would seem that, given the behavior shown in these curves, C- 
band might serve as well as X-band for monitoring LAI. It should 
be kept in mind, however,, that C-band is also more sensitive to 
soil -moisture changes, and hence measured a° values would contain 
two unknowns (soil moisture and LAI), each having a strong impact 
upon cr°. An example of how variations in soil moisture might 
impact on the a°-LAI relationship is presented in Figure 5.5(a) 
through (c) for L-, C-, and X-bands, respectively, all at a 50° 
incidence angle and VV polarization. Here a£ an is computed for 
two conditions, one with a dry soil (0.05 cm 3 cm" 3 ) background and 
one with a wet soil (0.50 cm 3 cm" 3 ) background. Clearly X-band is 
the least sensitive to changes in soil moisture. For this reason, 
X-band is more suitable for monitoring LAI. 

Finally, it is apparent from Figures 5.4(a) through (c) that 
as the incidence angle, as well as the frequency, is changed, the 
level of LAI at which o° becomes less sensitive also changes. To 
quantify this effect, we may define a new term: the LAI 
Sensitivity Range (LSR), which is expressed in the same units as 
LAI (m 2 m” 2 ). The definition of LSR is that level of LAI at which 
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Computed variation in o° as a function of LAI, at 
(a) L-band, (b) C-band, and (c) X-band. 


Figure 5.4 
















Figure 5.5 Computed variation in o° due to changes in soil 
moisture as a function of LAI at (a) L-band, 

(b) C-band, and (c) X-band. 
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the value [1 - L^ 2 ] is 0.80 or 8035. . In the case in which is 
less than °£ an (LAI = “), the saturation value of a 0 , then when LAI 
reaches LSR, <r£ an will be within 80% (or about 1 dB) of its 
saturated value. A further increase in LAI would result in a less 
than 1 dB increase in cf°. Clearly, if > a£ ap (LAI = “)* 
then this is not necessarily true. Assuming ff° so -j-j = 0, the LAI 
Sensitivity Range was computed at L-, C-, and X-bands, for a given 
canopy condition, as a function of incidence angle. • This is shown 
in Figure 5.6. If we choose X-band as the frequency of our LAI 
monitor at an incidence angle of 50°, then we can monitor LAI up 
to about 4 m 2 m“ 2 (neglecting the influence of soil 
backscattaring). If, on the other hand, we accept the increased 
corruption of our measurement due to variations in soil moisture 
and choose a C-band monitor, we can monitor LAI up to about 9 m 2 
nf 2 at an incidence angle of 50°. Clearly some trade-offs between 
decreased soil sensitivity and increased LAI sensitivity range 
will have to be made in defining a real system. One possible 
alternative is to use more than one frequency and incidence angle 
in the sensor configuration* Thus with two or more measures of 
two unknowns, an .estimate of both soil moisture and LAI may be 
made. 

5.4 Conclusion 

. The value of deterministic models over empirical models is 
clear. As more measurements of canopy scattering and attenuation 
are made and our understanding of the various phenomena is 
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Figure 5.6 Variation of the LAI Sensitivity Range (LSR) as a 
function of incidence angle. 






improved, our choice' of parameters for system design will be 
optimized, and our ability to extract information from remotely 
sensed data will be maximized. 


6.0 SUMMARY AND 'CONCLUSIONS 

After having established the need for models and experiments 
to verify or refute the models presented in Chapter -1, a course of 
reseat was undertaken to further understanding of the ways in 
which microwave energy interacts with vegetation material. 

In Chapter 2, descriptions of experiments designed to measure 
the attenuation of X-band microwave energy by wheat stalks and 
heads and soybean leaves (with stalks) were presented. Overall 
values of canopy attenuation, with an associated standard 
deviation, were a result that was used in Chapter 4 in setting 
realistic limits on these quantities. Further, theoretical models 
for attenuation caused by dielectric inclusions of varying 
geometries were shown to give similar values for attenuation. One 
interesting result was the effect of polarization on attenuation 
through wheat stalks, which was substantiated by data from Lopes 
(1983), 

In Chapter 3, the effect of free water in the canopy on <r° 
was investigated experimentally. The result from all three crop 
types was an increase in o 0 ' of the order of 2 to 3 dB, although 
some uncertainties remain in the case of the corn canopy, since 
changes in soil moisture also seem to be a factor. In the case of 
wheat, it was shown that the increase in over that of a "dry” 
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canopy tracks closely with the amount of free water present in the 
canopy. Establishing the need for careful treatment, in 
quantitative work, of data acquired from canopies containing free 
water as a result of dew or condensation, recent rainfall, or 
irrigation is one result of this investigation. 

In Chapter 4, a review of past models for predicting a 0 from 
vegetation canopies was presented, followed by a description of 
the 1981 summer experiment involving multitemporal a 0 measurements 
of 30 agricultural fields. Various models for predicting a 0 (VV 
and VH) from each crop type (wheat, corn, and soybeans) were 
tried, including those reviewed earlier. Finally, a single model, 
yielding the best results among the models tested, was optimized 
for each crop-canopy type. The quality of fit was measured by 
correlation coefficient (r 2 ) and RMS error. The -influence of 
experimental error (both in ground-truth data and in radar data) 
was Investigated and found to be a probable source of low r 2 
values (<70&) and RMS errors of the order of 1.2 dB. A comparison 
between data possibly affected by weather conditions (previously 
omitted from analysis) and "unaffected 1 -, data was also made using 
the newly developed models. The errors between the measured and 
predicted values showed the effect of recent rain upon a 0 values 
in most cases. The same was true of wheat data acquired following 
a wind storm in which the fields were blown down. Winds present 
during data acquisition produced no data significantly different 
from the "unaffected" or normal data. Finally, an attempt to 
relate the measured o° values to the reported yield values was 
made, without success. The probable cause for failure lies in the 
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limited number of data (9 yield values per crop type) and quite 
similar yields. 

In Chapter 5, -the need for additional deterministic models 
was justified, and an assessment of the progress of this line of 
research was given. A deterministic model for leaf attenuation 
was tested and shown to be adequate. The lack of quality data for 
testing the model did not provide strong evidence either to 
confirm or deny the usefulness of the model. An analysis using 
the model was performed to investigate the ability of radar as a 
monitor of LAI. The results confirmed previous reports indicating 
that L- or C-band is optimum to monitor soil moisture, using 
incidence angles near nadir. Some trade-offs are necessary 
between the LAI sensitivity range (LSR) and the necessity of 
minimizing the influence of soil. * 

Recommendations 

Upon concluding this investigation, several areas for further 
investigation became apparent* To extend our current level of 
understanding of the ways in which microwave energy interacts with 
vegetation, additional detailed investigations of canopy 
attenuation should be made at various frequencies and 
polarizations. The backscattering models and experimental data 
presented here pertain to "normal" environmental and developmental 
crop conditions. Ordinarily, such models are based upon a certain 
set of assumptions about canopy geometry, which if violated will 
invalidate the model. The effects of abnormal environmental 
factors such as strong winds, heavy rain, hail (i.e., weather 


events) upon <x° of a vegetation canopy are difficult to 
incorporate into the design of a backseattering model. Hence, 
such effects may be regarded as deviations from normal behavior 
and should either be quantified or deleted from the data. In 

future experiments aimed at modeling canopy a 0 , ground truth 
should be acquired on a scale that will reduce uncertainty to 
reasonable limits. Also, the nature of a 0 sol *i should be 
determined for each field used, so as to eliminate one area of 
uncertainty for which the models must account. 

As the dynamic range of the temporal variation in o° is of 
the order of 10 dB, extra care should be taken to ensure the 

accuracy of the <s° measurement. Because dynamic changes in canopy 
condition may result in a 1- or 2-dB variation in o°, the 

resolving power of the sensor should, if possible, be a fraction 
of a decibel . 

Finally, as a result of the experiment described in this 
report, it is apparent that the temporal patterns of <?° from 
agricultural fields of the same crop type are not identical. 
Although a model based on one set of observations from one or 
several fields may perform nicely. It may not represent the 

overall, behavior of the entire population. 
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APPENDIX A 

Soil Dielectric and Reflectivity 
In concert with the 1981 summer experiment, which 

investigated the a 0 of cropland, soil samples of the various 
fields were also acquired. A textural analysis was performed to 
determine the constituent parts by percentage (e.g., sand, silt, 
and clay). The results are presented in Table A.l. Accompanying 
the analysis for each field is a classification' (e.g., silty 

loam). Dielectric measurements were made subsequently on five 
general soil types, into which all of the fields in the 1981 
summer experiment could be grouped. The composition of these five 
soil types is given in Table A. 2. The dielectric measurements 

were made at a number of frequencies from 1,4 GHz to 18 GHz, 
including 10 GHz, under various soil-moisture conditions. Based 

upon these experimental data, the dielectric constant as a 
function of soil moisture at specific frequencies was obtained. 
An example of this relationship is shown in Figure A.l for a 
frequency of 10 GHz. Note that soil types 1 and 5 represent the 
textural extremes between which all others lie, i.e., they have 
the highest sand and clay contents, respectively. 

The curves in Figure A.l are the results of polynomial 
regression fits performed on the measured data. For details on 
measurement techniques, analysis procedures, etc., see Hallikainen 
et al. (1983). The polynomials used in obtaining the curves of 
Figure A.l are listed in Table. A. 3. 

Based on these equations, it is possible to compute the 
Fresnel reflectivity, r, for each soil type under a wide range of 
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TABLE A.l 


Particle-Size Classification of the 0-5-cm Layer for the 
Summer 1981 Vegetation Experiment 


Field 

No. 

% 

Sand 

% 

Silt 

% 

Clay 

Soil 

Type No. 

Classification 

1W (US) 

57.7 

33.6 

8.7 

1 

Sandy Loam 

2W (6S) 

53.7 

37.9 

8.4 

1 

Sandy Loam 

3W 


61.4 

27.8 

4 

Silty Clay. Loam 

4W 

26.0 

54.7 

19.3 

3 

Silty Loam 

5W 

W’ffln 

61.2 

22.8 

4 

Silty Loam 

6W (7S) 

13.2* 

72.4 

14.4 

4 

Silty Loam 

7W (8S) 

11.4* 

76.5 

12.1 

4 

Silty Loam 

8W 


53.1 

14.9 

3 

Silty Loam 

9W (9S) 

59.3 

31.1 

9.6 

1 

Sandy Loam 

10W (10S) 

46.0 

41.5 

12.5 

2 

Loam 

1C 

35.9 

51.9 

12.2 

3 

Silty Loam 

2C 

24.1* 

51.1 

24.8 

3 

Silty Loam 

3C 

29.9 


9.6 

3 

Silty Loam 

4C 

k n 

44.3 

15.1 

2 

Loam 

5C' 

36.1 

49.9 

14.0 

3 

Loam 

6C 

31.5 

52.4 

16.1 

3 

Silty Loam 

7C 

31,2 

52.2 

16.6 

3 

Silty Loam 

8C 


40.9 

28.7 

3 

Clay Loam 

9C 

56.6 

29.9 

13.5 

1 

Sandy Loam 

IOC 

39.7 

44.2 

16 0 1 

2 

Loam' 

IS 

37.2 


17.0 

3 

Loam 

2S 


29.5 

9.6 

1 

Sandy Loam 

3$ 

32.4 

56.0 

11.6 

3 

Silty Loam 

4S 




1 


5S 

6.1* 

68.3 

25.6 

4 

Silty Loam 


*Defoamed 
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TABLE A, 2 

Soil Textures of Five Soil Types Used in Dielectric Measurements 
Soil 


Type 

No* 

Desiqnation 

Soil Tvoe 

Soil 

Sand 

Texture {%} 
Silt 

I 

Clav 

1 

Field 1 

Sandy Loam 

51.51 

35.06 

13,43 

2 

Field 2 

Loam 

41.96 

49.51' 

8,53 

3 

Field 2 

Silt Loam 

30.63 

55.89 

13.48 

4 

Field 4 

Silt Loam 

17.16 

63.84 

19.00 

. 5 

Field 5 

Silty Clay 

5.02 

47.60 

47.38 



. Volumetric Moisture m v 

Figure A.l Dielectric properties of five soil types as a 
function of volumetric moisture content. From 
Hallikainen et al. (1983). 
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TABLE A. 3 

Polynomial Fits of the Dielectric Constant of Five Soil Types 

e r = s' - je" 

Real Part, e* = Aq + A^ m v + A 2 mj 


Soil Type 

A o 

A i 

b 

1 

2.453 

17.24 

88.12 

2 

2.306 

20.29 

64.25 

3 

2.071 

27.16 

46.25 

4 

2.657 

5.194 

101.1 

5 

2.276 

12.57 

64.98 

Imaginary 

Part, e" = B 0 

+ B]_ m v + 

B 2 mj 

Soil Type 

B 0 

• Bj 

Bp 

1 

-0.0346 

4.591 

47.72 

2 

-0.1127 

8.073 

29.43 

3 

-0.1245 

8.234 

29.36 

4 

0.00181 

2.698 

41.76 

5 

-0.0563 

3.531 

36.30 


Range of Validity 
0.05 < m y < 0.50 


f = 10 GHz 


moisture conditions, for 9 given Incidence angle, e. The 
equations for computing the Fresnel reflectivity are 

# 

cose - [e - sin 2 0 ] « 

| J1 —| 2 

cos e + [e - sin 2 e] ^ 2 

-e cos 9 + [e - sin 2 0 ] ^ 

1 r r 1 c. 

I / 1 

e cos e + [s - sin 2 e] /2 
r r J 

where e r is the dielectric constant of the medium (which may be 
complex) and e is the incident angle of the incoming wave. Plots 
of the Fresnel reflectivity at a 50° incidence angle for various 
soil -moisture conditions are presented in Figures A.2 and A.3. 
The five curves, one for each soil type, show similar though not 
identical behaviors. The relationship between reflectivity and 
soil moisture is neither entirely linear nor exponential; however, 
the linear form is a much more accurate approximation. For this 
reason T was included as computed above directly into the modeling 
of the a 0 data. A listing of the results of the textural analysis 
of the observed fields, shown in Table A.l, includes 
classification into one of the five soil types studied in detail 
(actually only four soil types were used, because fields having a 
soil type similar to soil type 5 were not encountered during the 
1981 summer experiment). 
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REFLECTIVITY 


Son from North Lawrence Area 
10 GHz 50 Deg Pol-V 


0.0 * — ^ 

0.0 



VOLUMETRIC SOIL MOISTURE 

Figure A.2 Computed Fresnel reflectivity for V polarization, 
at a 50° incidence angle for smooth surfaces of 
five soil types as a function of volumetric 
moisture content. 
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APPENDIX B 

* What follows is a tabular listing of the data acquired during 
the 1981 summer experiment. The data are grouped by crop type and 
field number. A description of each column heading and entry 
follows. 


JULIAN DATE 
SIGMAO VV 


Day of year in 1981 

Bacfcscattering coefficient in decibels 
(dB) for a frequency of 10.2 GHz, an 
incidence angle of 50° from nadir, and 
VV polarization 


SIGMAO VH 


Same as SIGMAO VV, except VH 
polarization 


SOIL MOIST 


Volumetric soil moisture in top 5 cm of 
soil surface (cm 3 cm" 3 x 100) 


CANOPY HEIGHT Height of canopy in meters 


Plant Parameters 

FRESH BIOMASS Biomass per unit area of freshly cut 

plant material (kg m" 2 ) 

_ * 

DRY BIOMASS Biomass per unit area of dried plant 

.material (kg m" 2 ) 
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Plant Parts 


LEAF AND STALK Combined biomass of leaves and stalks 

for wheat plants 


HEAD 

STALK 

FRUIT 


LEAF 


Biomass of wheat head material 

Biomass of corn stalk material 

Biomass of corn cob, kernels, and 
enclosing material 

Biomass of corn leaves 


PLANT Biomass of all soybean plant parts 

combi ned 

CODE Code designating any abnormal conditions 

affecting the observed canopy. An 
explanation of the code follows most 
tables. 


This data has undergone a clean-up process in which the plant 
parameters (height and biomasses) were smoothed to eliminate the 
rapid variations known to be due to measurement error. Data from 
Soybean Field No. 7 are not presented because of the limited size 
of the data sets due to farm-operator problems. 
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WHEAT FIELD # 1 


JULIAN SIGMAO SIGMAO S.OIL CANOPY 


DATE 

W 

VH 

MOIS 

HEIGHT 

121. 

-16.4 

-22.2 

3,8 

0*689 

124. 

-12,1 

-15.8 

-- ■ ' 

0.708 

126. 

-15.6 

-20.7 

7.7 

0.718 

128. 

-15.4 

-20.2 

5.7 

0.729 

131. 

-14.0 

-18,0 

16.3 

0.744 

135. 

-13.6 

-17.0 

17.5 

0.759 

139. 

-14.3 

-18.6 

24.4 

0.766 

140. 

-13.2 

-18.5 

25.8 

0.766 

142. 

-12.7 

-17.9 

20.2 

0.766 

147. 

-13.4 

-19.3 

14.0 

0.756 

149. 

-13.4 

-17.5 

27.3 

0.749 

152. 

-13.2 

-17.1 

19.9 

0.736 

154. 

-14.6 

-18.4 

28.7 

0.726 

155. 

-13.8 

-17.8 

31.4 

0.722 

159. 

-10.6 

-16.1 

26.6 

0.703 

161. 

-11.3 

-16.2 

23.1 

0.696 

167. 

-11.0 

-12.6 

24.1 

0. 689 

168. 

-10.7 

-16.4 

25.3 

0.691 

169. 

-10.1 

-16.9 

25.1 

0.694 

173. 

-9.0 

-13,8 

28.0 

0.227 

177. 

-8.4 

-15.6 

22.1 

0.227 

180. 

-10.9 

-18*2 

18.4 

0.227 

195. 

-7.8 

-17.3 

13.5 

0.160 


LEAF & 

STALK 

HEAD 


FRESH 

DRY 

FRESH 

DRY 

CODE 

BIOMASS 

BIOMASS 


1.450 

0.500 

0.000 

0.000 

0 . 

1.491 

0.594 

0.000 

0.000 

4. 

1.569 

0.660 

0.000 

0.000 

0 . 

1.553 

0.687 

0.093 

0.030 

0 . 

1.416 

0.635 

0.343 

0.153 

0 . 

1.411 

0.638 

0.623 

0.279 

0 . 

1.492 

0.668 

0.818 

0.367 

0 . 

1.521 

0,681 

0.854 

0.383 

0 . 

1.560 

0.695 

0.911 

0.412 

0 . 

1.598 

0.717 

0.969 

0.456 

0 . 

1.585 

0.724 

0.962 

0.465 

0 . 

1.525 

0.728 

0.923 

0.472 

0 . 

1.459 

0.725 

0.883 

0.474 

4. 

1.410 

0.715 

0.859 

0.474 

0 . 

1.159 

0.654 

0.754 

0.473 

3. 

0.992 

0.591 

0.700 

0.473 

0 . 

0.722 

0.510 

0.555 

0.485 

4. 

0.705 

0.500 

0.536 

0.490 

0 . 

0.604 

0.455 

0.517 

0.496 

0 . 

0.272 

0.197 

0.000 

0.000 

1 . 

0.272 

0.197 

0.000 

0.000 

1 . 

0.272 

0.197 

0.000 

0.000 

1 . 


0.272 0.197 0.000 0.000 1. 

CODE EXPLANATION 

0 — NORMAL DATA 

1 — POST-HARVEST 

2 — BLOWN DOWN AREAS 

3 — WINDY DURING DATA ACQUISITION 

4 — RECENT HEAVY RAIN 


WHEAT FIELD # 2 


LEAF & STALK —--HEAD 


JULIAN 

SIGMAO 

SIGMAO 

SOIL 

CANOPY 

FRESH 

DRY 

FRESH 

DRY 

CODE 

DATE 

W 

VH 

MOIS 

HEIGHT 

BIOMASS 


BIOMASS 


121. 

-11.0 

-20.1 

5.8 

0.661 

1.723 

0.422 

0 

.000 

0 

.000 

0 . 

124, 

-14.5 

-18.5 

— ■' 

0.755 

1.710 

0.514 

0 

.000 

0 

.000 

4. 

126. 

-14.0 

-21.0 

8.9 

0.802 

1.703 

0.560 

0 

.000 

0 

.000 

0 . 

128. 

-18.7 

-22.9 

6.2 

0.828 

1.666 

0.586 

0 

.000 

0 

.000 

0 . 

131. 

-16.8 

-19.7 

14.9 

0.845 

1.513 

0.590 

0 

• l4l 

0 

.037 

0 . 

135. 

-16.1 

-18.3 

16.6 

0.840 

1.319 

0.527 

0 

.369 

0 

.148 

0 . 

140. 

-18.2 

-19.8 

23.8 

0.815 

1.324 

0.560 

0 

.436 

0 

.165 

0 . 

142. 

-19.6 

-18.9 

18.0 

0.804 

1.291 

0,552 

0 

.494 

0 

.187 

3. 

147. 

-15.4 

-18.9 

20.9 

0.784 

1.149 

0.500 

0 

.661 

0 

.262 

0 . 

152. 

-16.4 

-20.0 

22.4 

0.779 

0.992 

0.428 

0 

.780 

0 

.350 

0. 

159. 

-16.5 

-20.8 

22.8 

0.788 

0.860 

u.381 

0 

.763 

0 

.447 

3. 

161. 

-17.0 

-21.9 

23.3 

0.789 

0.836 

0.387 

0 

.720 

0 

.460 

0 . 

167. 

-5.5 

-11.6 


0.759 

0.403 

0.239 

0 

.521 

0 

.440 

4. 

168. 

-7.5 

-14.7 

21.3 

0.747 

0.339 

0.200 

0 

.480 

0 

.425 

0 . 

169. 

-8.6 

-12,7 

26.6 

0.731 

0.268 

0.160 

0 

.439 

0 

.407 

0 . 

173. 

-10.7 

-13,6 

28.5 

0.402 

0.231 

0.191 

0 

.000 

0 

.000 

1 . 

177. 

-9,1 

-14.0 

26.4 

0.360 

0.231- 

0.185 

0 

.,000 

0 

.000 

1 . 

180. 

-7.7 

-13.9 

28.5 

0.340 

0.225 

0.180 

0 

.000 

0 

,000 

1 . 

195. 

-10.8 

-18.1 

15,5 

0.340 

0.223 

0.165 

0 

.000 

0 

.000 

1 . 


CODE EXPLANATION 

0 -- NORMAL DATA 

1 — POST-HARVEST 

2 — BLOWN DOWN AREAS 

3 — WINDY DURING DATA ACQUISITION 

4 — RECENT HEAVY RAIN 


WHEAT FIELD # 3 


JULIAN' 

SIGMAO 

SIGMAO 

SOIL I 

CANOPY 

DATE 

W 

YK 

MOIS HEIGHT 

121 . 

-11.8 

-18.4 

16.7 

0.754 

124. 

-6.1 

-16.2 


0.820 

126. 

-11, .0 

-18.5 

18,8 

0,853 

128. 

-10,3 

-18.7 

23.6 

0.8S5 

131. 

-10.9 

-19-2 

32.0 

0.928 

133. 

“14.7 

-19.0 . 

— 

0.954 

134. 

-13.5 

-19.9 

— 

0.962 

135. 

-13.9 

-18.4 

28.8 

0.971 

139. 

-16.2 

-21.1 

33.9 

0.999 

140. 

-16.7 

-20.6 

34.6 

1.004 

142, 

-15.4 

-19 .4 

32.2 

1.012 

147, 

-15.5 

-18.9 

40.3 

1.016 

148. 

-12.3 

-18.9 

— 

1.015 

149. 

-14.6 

-18.8 

41.5 

1.013 

152. 

-16.6 

-20.5 

33.9 

1.002 

154. 

-7.5 

-17.5 

46.1 

0.992 

155. 

-8.8 

-13.1 

50.3 

0.9S6 

159. 

-16.3 

-21.6 

40.5 

0,958 

161. 

-13.6 

-14.7 

35.0 

0.941 

167. 

-11.4 

-13.3 

39.9 

0.882 

163. 

-13.8 

-15.9 

34.4 

0.872 

169. 

“ 22.6 

-15.0 

33.2 

0.861 

173. 

-8.4 

-l3o6 

45.2 

0.820 

175. 

-10.0 

“16.0 

43.3 

0.799 

177. 

-8.3 

-13.3 

38.2 

0.780 

180. 

-5.1 

-11.2 

36.4 

0.223 

195. 

-8.1 

-17.5 

23-3- 

0.223 


LEAF Sc STALK HEAD 

FRESH DRY FRESH DRY CODE 
BIOMASS BIOMASS 


4.698 

0.846 

0.000 

0.000 

0 . 

4,774 

1.029 

0.000 

0.000 

4. 

4.812 

1.121 

0.000 

0.000 

0 . 

4.791 

1.188 

0.000 

0.000 

0 , 

4.636 

1.220 

0,124 

0,041 

0 . 

4.252 

1.145 

0.491 

0.163 

4. 

4.200 

1.148 

0.537 

0.175 

4. 

4.147 

1.151 

0.584 

0.188 

0 . 

3.904 

1.146 

0.773 

0.243 

0 . 

3.845 

1.145 

0.817 

0.258 

0 . 

3.720 

1.133 

0.896 

0.289 

0 . 

3.445 

1.118 

1.029 

0.367 

0 . 

3.386 

1.112 

1.044 

0.383 

4. 

3.331 

1,106 

1.055 

0.398 

2. 

3.176 

1.106 

1.067 

0.443 

0 . 

3,058 

1.098 

1.059 

0.471 

2. 

3.002- 

1.096 

1.052 

0.485 

2. 

2.745 

1.089 

1.001 

0.533 

0 . 

2.592 

1.079 

0.966 

0.553 

2. 

2.026 

0.977 

0.836 

0.592 

2. 

1.905 

0.940 

0.812 

0.595 

0 . 

1.784 

0.902 

0.788 

0.597 

0 . 

1.182 

0 .642 

0.686 

0.591 

0 . 

0,795 

0,421 

0.633 

0.580 

2. 

0.334 

0.115 

0.578 

0.562 

2. 

0.200 

0. 148 

0.000 

0.000 

1 . 

0.200 

0.148 

0.000 

0.000 

1 . 


CODE EXPLANATION 

0 — NORMAL DATA 

1 -- POST-HARVEST 

2 — BLOWN DOWN AREAS 

3 — WINDY DURING DATA ACQUISITION 

4 — RECENT HEAVY RAIN 


WHEAT FIELD # 4 


LEAF & STALK HEAD 

JULIAN SIGMAO SIGMAO SOIL CANOPY FRESH DRY FRESH DRY CODE 
DATE W VH HOIS HEIGHT BIOMASS BIOMASS 


121* 

-11.4 

-19.9 

18.9 

0.753 

3.602 

0.796 

0.000 

0.000 

0 . 

124. 

-11.4 

-17.0 

— -- 

0.848 

3.745 

0.932 

0.000 

0.000 

4. 

126. 

-14,5 

-21.5 

24.0 

0.896 

3.816 

1.000 

0.000 

0.000 

0 . 

128. 

-16,3 

-21.8 

21.8 

0.938 

3*849 

1.043 

0,000 

0.000 

0 . 

131. 

-16.1 

-20.5 

25.7 

0.986 

3*737 

1.061 

0*130 

0.040 

0 . 

135. 

-17.6 

-20.9 

29.6 

1.029 

3.519 

0.998 

0.479 

0.157 

0 . 

140 . 

-17.7 

-20.8 

37.8 

1.053 

3.440 

1.016 

0.617 

0.193 

0 . 

142. 

-17.5 

-21.0 

35*2 

1.055 

3.373 

1.012 

0.687 

0.218 

0 . 

147. 

-16.2 

-20.8 

35.1 

X.047 

3.154 

0,993 

0.845 

0.299 

0 . 

152. 

-13.1 

-17.4 

33.4 

1.024 

2.897 

0.978 

0.939 

0.395 

0 . 

159. 

-17,3 

-21.0 

40.5 

0.980 

2.453 

0.962 

0.953 

0.523 

3. 

161. 

-14.2 

-17.6 

39.1 

0.966 

2.300 

0.951 

0.936 

0.554 

2. 

168. 

-11.4 

-16.8 

38.5 

0.918 

1.631 

0.825 

0.827 

0.618 

0 . 

169. 

-13.2 

-14.2 

38.1 

0.911 

1.520 

0.790 

0.805 

0.621 

0 . 

176* 

-10,3 

-16.9 

— 

0.866 

0.683 

0.560 

0.617 

0.571 

0 . 

180. 

-9.2 

-12.0 

49 .5 

0.843 

0.556 

0.467 

0.403 

0.373 

0 . 

183. 

-8.6 

-11.3 

50.5 

0.825 

0.465 ■ 

0.400 

0.388 

0.359 

0 . 

196. 

-8.0 

-1 6.6 

37.3 

0.237 

0.300 

0.229 

O.GOO 

0.000 

1 . 


CODE EXPLANATION — ■ 

0 — NORMAL DATA 
1 POST-HARVEST 

2 — BLOWN DOWN AREAS 

3 — WINDY DURING DATA ACQUISITION 

4 — RECENT HEAVY RAIN 
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WHEAT FIELD # 5 


JULIAN 

SIGMAO 

SIGMAO 

SpIL 

CANOPY 

DATE 

VV 

VH 

MOIS 

IIEIGIfT 

121. 

•'12.2 

-24.8 

15.4 

0.823 

126. 

-12.5 

-21.5 

24.5 

0.923 

128. 

-13,0 

-20.5 

22.1 

0.950 

131. 

-12.5 

-20,5 

29.8 

0.981 

135. 

-13.8 

-20.3 

34.0 

1.006 

148. 

-16.0 

-20.3 

32.5 

1.017 

149. 

-14.3 

-19.9 

29.2 

1.015 

152. 

-15 .6 

“21.0 

31.3 

1.007 

159. 

-15.7 

-19.8 

36.0 

0.976 

161. 

-18.5 

-20.9 

33.1 

0.963 

167. 

-12.9 

-13.7 

36.7 

0.908 

168. 

-15.0 

-19.9 

36.8 

0.896 

169. 

-14.4 

-16.9 

38.0 

0.882 

175. 

-10.6 

-14.0 

52.8 

0.772 

180, 

-6.9 

-13.0 

49.5 

0.631 

183. 

-7.7 

-12.5 

54.0 

0.517 

196. 

-2.7 

-14.3 

32.5 

0.230 


LEAF St STALK 

HEAD- 


FRESH 

DRY 

FRESH 

DRY 

CODE 

. BIOMASS 

BIOMASS 


3.239 

0.865 

0.000 

0.000 

0 . 

4.177 

1.111 

0.000 

0.000 

0 . 

4.410 

1.169 

0.000 

0.000 

0 . 

4.506 

1.183 

0.127 

0.040 

0 . 

4.377 

1.133 

0.363 

0.117 

0 . 

3.542 

1.070 

0.635 

0.200 

0 . 

3.438 

1.055 

0.664 

0.217 

4. 

3.129 

1.014 

0.738 

0.270 

0 . 

2.461 

0.921 

0.821 

0.405 

3. 

2.287 

0.896 

0.824 

0.442 

2. 

1.827 

0.843 

0.793 

0.533 

4. 

1.758 

0.835 

0.782 

0.544 

0 . 

1.693 

0.830 

0.770 

0.554 

0 . 

1.343 

0.818 

0.672 

0.573 

0 . 

1.100 

0.820 

0.554 

0.526 

0 . 

0.889 

0.772 

0.487 

0.463 

0 . 

0.350- 

0.290 

0.000 

0.000 

1 . 


CODE EXPLANATION — 

0 — NORI'IAL DATA 

1 — POST-HARVEST 

2 — BLOWN DOWN AREAS 

3 — WINDY DURING DATA ACQUISITION 

4 ~ RECENT HEAVY RAIN 


WHEAT FIELD 4 6 


LEAF & STALK ——HEAD 


JULIAN SIGMAO 

SIGMAO 

SOIL 

CANOPY 

FRESH 

DRY 

FRESH 

DRY 

CODE 

DATE 

W 

. VH 

MGIS HEIGHT 

BIOMASS 

BIOMASS 


121. 

-12.1 

-18.8 

5.7 

0.780 

2.477 

0.860 

0.000 

0.000 

0 . 

126. 

-13.1 

-19.7 

14.3 

0.824 

2.874 

1.040 

0.000 

0.000 

0 . 

128. 

-14.0 

-19.9 

9.8 

0.861 

2.936 

1.080 

0.062 

0.020 

0 . 

131. 

-14.3 

-18.3 

23.5 

0.892 

2.955 

1.112 

0.186 

0.060 

0 . 

133. 

-13.3 

-18.9 

■nt» 

0.896 

2.627 

1.004 

0.581 

0.206 

4. 

134. 

-14.1 

-18.3 

— 

0.898 

2.572 

0.994 

0.659 

0.229 

4. 

135. 

-15.0 

-15.8 

30,5 

0.899 

2.518 

0.984 

0.735 

0.252 

0 , 

140. 

-15.3 

-18.2 

32.7 

0.877 

2.238 

0.927 

1.042 

0.359 

0 . 

142. 

-14.1 

-16.8 

26.0 

0.863 

2.140 

0.899 

1.118 

0.398 

0 . 

147. 

-15.2 

-18.1 

32.2 

0.831 

1.946 

0.826 

1.191 

0.488 

0 . 

148. 

-13.2 

-16.2 


0.826 

1.911 

0.812 

1.189 

0.504 

4. 

149. 

-15.0 

-18.8 

35.2 

0.821 

1.878 

0.797 

1.184 

0.520 

0 . 

152. 

-14.8 

-15.5 

22.5 

0.810 

1.780 

0.758 

1.152 

0.564 

0 , 

154. 

-14.7 

-18.3 

42.1 

0.805 

1.706 

0.730 

1.121 

0.590 

0 . 

156. 

-15.0 

-19.3 

36,8 

0.803 

1.626 

0.703 

1.085 

0.614 

0 . 

159. 

-11. 0 

-iS.o 

35.2 

0.804 

1.495 

0.663 

1.027 

0.646 

3. 

161. 

-15 . 8 

-19.7 

34.7 

0.805 

1.392 

0.631 

0.989 

0.664 

0 . 

163. 

-15.6 

-15.7 

39.4 

0.807 

1.283 

0.598 

0.950 

0.679 

0 . 

1 66. 

-10.9 

-15.0 

42.4 

0.806 

1.099 

0.542 

0.896 

0.697 

4. 

.168. 

-13.1 

-14.8 

38.3 

0.801 

0.961 

0.494 

0.861 

0.705 

0 . 

170. 

-9.5 

-14.4 

37.1 

0.732 

0.843 

0.482 

0.828 

0.710 

0 . 

173. 

-8.1 

-14.6 

42.1 

0.762 

0.800 

0.477 

0.747 

0.650 

4. 

175. 

-8.6 

-15.1 

35.5 

0.730 

0.747 

0.474 

0.636 

0.560 

0 . 

177. 

-8.4 

-13 .5 

37.4 

0.684 

0.625 

0.442 

0.543 

0.502 

0 . 

180. 

-8.2 

-14.3 

36.3 

0.270 

0.466 

0.435 

0.000 

0.000 

1 . 

196. 

-8.6 

-18.2 

33.0 

0.270 

0,466 

0.435 

0.000 

0.000 

1 . 


— CODE EXPLANATION 

0 — NORMAL DATA 

1 — POST-HARVEST 

2 — BLOWN DOWN AREAS 

3 — WINDY DURING DATA ACQUISITION 

4 — RECENT HEAVY RAIN 


WHEAT FIELD # 7 


LEAF St STALK HEAD- 


JULIAN SIGMAO 

SIGMAO 

SOIL CANOPY 

FRESH 

DRY 

FRESH 

DRY 

CODE 

DATE 

w 

VH 

MOIS HEIGHT 

BIOMASS 

BIOMASS 


126. 

-20.8 

-24.8 

22.0 

0.973 

4.685 

1.691 

0.000 

0.000 

0 . 

128. 

-16.8 

-22.0 

16.5 

0.990 

4.717 

1.763 

0.117 

0.035 

0 . 

131. 

-16.7 

-21.1 

30.3 

0.999 

4.613 

1.799 

0.331 

0.110 

0, 

135. 

-17.8 

-18.7 

35.0 

0.991 

4.087 

1.657 

0.798 

0.297 

0 . 

140. 

-14.8 

-19.0 

37.9 

0.969 

3.596 

1.518 

0,976 

0.375 

0. 

142. 

-13.4 

-18.8 

36.2 

0.960 

3.338 

1.429 

1.057 

0.417 

0 , 

147. 

-9.5 

-13.8 

35.2 

0.945 

2.633 

1.159 

1.238 

0.537 

0 . 

149- 

-9.9 

-12.6 

21.3 

0.942 

2.368 

1.049 

1.354 

0.608 

0 . 

152. 

-8.1 

-13.3 

26.4 

0.940 

2,314 

1.025 

1.520 

0.798 

0 . 

156. 

-8.4 

-12.8 

40.5 

0.936 

2.435 

1.120 

1.534 

0.890 

0 . 

159. 

-5.9 

-8.3 

38.3 

0.92.6 

2.188 

1.050 

1.260 

0.820 

3. 

161. 

-9.3 

-11.2 

38.3 

0.913 

2.010 

1.006 

1.099 

0.780 

0 . 

163. 

-6.8 

-8.6 

43.3 

0.892 

1.928 

1.022 

0.960 

0.750 

4. 

167. 

-6.9 

-7.9 

39.5 

0.814 

1.600 

0.931 

0.S85 

0.740 

4. 

168. 

-7.5 

-10.5 

41.4 

0.785 

1.317 

0.836 

13.810 

0.729 

0 . 

170. 

“6.0 

-9.1 

38.5 

0.713 

0.720 

0.475 

0.576 

0.520 

0 . 

177. 

-5.9 

-11.1 

39.1 

0.220 

0.404 

0.291 

0.000 

0.000 

1 . 

196. 

-6.9 

-16.4 

22.8 

0.187 

0.339 

0.269 

0.000 

0.000 

1. 


— CODE EXPLANATION 

0 — NORMAL DATA ■ 

1 — POST-HARVEST 

2 — BLOWN DOWN AREAS 

3 — WINDY DURING DATA ACQUISITION 

4 — RECENT HEAVY RAIN 


WHEAT FIELD # 3 


■jLZaLXis- 


LEAF S ( STALK HEAD — 


JULIAN 

SIGMAO 

SIGMAO SOIL 

CANOPY 

FRESH 

DRY 

FRESH 

DRY 

CODE 

DATE 

W 

VH 

MOIS 

HEIGHT 

BIOMASS 

BIOMASS 


121. 

-15.8 

-21.0 

13.3 

0.851 

3.173 

0.952 

0 . 000 . 

0.000 

0 . 

126. 

-17.7 

-20.8 

22.2 

0.974 

3.706 

1.201 

0.000 

0.000 

0 . 

128. 

-15.4 

-19.4 

20.7 

1.006 

3.805 

1.259 

0.000 

0.000 

0 . 

131. 

-14.6 

-1G.1 

26.2 

1.038 

3.717 

1.264 

0.136 

0.046 

0 . 

133. 

-16.9 

-19.0 

-*• 

1.050 

3.351 

1.159 

0.453 

0,159 

4. 

134. 

-14.9 

-19.0 

— 

1.054 

3.266 

1.140 

0.521 

0.180 

4. 

135. 

-15.5 

-19.2 

31.3 

- 1.058 

3.183 

1.123 

0.588 

0.200 

0 . 

140. 

-15.4 

-18.7 

33.7 

1.056 

2.650 

0.996 

0.865 

0.297 

0 . 

142. 

-15.1 

-19 .2 

25.7 

1.049 

2.454 

0.945 

0.937 

0.333 

0 . 

148. 

-15.3 

-20.1 

31.0 

1.014 

1.947 

0.794 

1.022 

0.432 

0 . 

149. 

-15.6 

-20.1 

33.0 

1.007 

1.879 

0.774 

1.021 

0.447 

0 . 

152. 

-16.6 

-21.0 

27.2 

0.984 

1.693 

0.719 

1.003 

0.489 

0 . 

154. 

-14.2 

-18.8 

36.9 

0.968 

1.590 

0.691 

0.982 

0.515 

4. 

156. 

-16.0 

-19.4 

37.6 

0.951 

1.496 

0.668 

0.957 

0.539 

0 . 

159. 

-14.6 

-17.1 

33,9 

0.926 

1.370 

0.64Q 

0.914 

0.570 

3. 

161. 

-16.2 

-15.2 

34.9 

0.910 

1.396 

0.670 

0.885 

0.588 

0 . 

163. 

-10.7 

-15.5 

33.7 

0.893 

1.298- 

0.675 

0.856 

0.603 

4. 

1 66. 

-11.8 

-16.7 

41.9 

0.867 

1.259 

0.680 

0.813 

0.622 

4. 

168. 

(<, 8.3 

-14.6 

33.3 

0.849 

1.040 

0.677 

0.786 

0.630 

0 . 

170. 

-5.1 

-10.5 

32.3 

0.830 

1.210 

0.669 

0.760 

0.636 

4. 

173. 

-6.4 

-14.2 

40.3 

0.801 

0.950 

0.665 

0.723 

0.640 

0 . 

175. 

-7.0 

-13.0 

37.3 

0.779 

0.807 

0.665 

0.699 

0.639 

0 . 

177. 

-6.9 

-13.5 

36.2 

0.755 

0.732 

0.664 

0.677 

0.634 

0 . 

180. 

-8.4 

-13.6 

35.9 

0.714 

0.709 

0.650 

0.656 

0.621 

0 . 

183. 

-6.6 

-11.8 

37.0 

0.665 

0.576 

0.550 

0.627 

0.600 

0 . 

196. 

-5.0 

-12.4 

23.6 

0.233 

0.205 

0.180 

0.000 

0.000 

1 . 


— CODE EXPLANATION 

0 — NORMAL DATA 

1 — POST-HARVEST 

2 — BLOWN DOWN AREAS 

3 — WINDY DURING DATA ACQUISITION 

4 — RECENT HEAVY RAIN 


265 



WHEAT FIELD # 9 


« 





LEAF & STALK 

HEAD 


JULIAN SIGMAO 

SIGHAO 

SOIL 

CANOPY 

FRESH 

DRY 

FRESH 

DRY 

CODE 

DATE 

W 

' VH 

MOIS HEIGHT 

BIOMASS 

BIOMASS 


121. 

-18.0 

-23.6 

4.9 

0.597 

1.537 

0.598 

0.000 

0.000 

0 . 

126. 

-18.3 

-21.6 

12.6 

0.716 

2.216 

0.856 

0.000 

0.000 

0 . 

128. 

-15.6 

-20.5 

10.4 

0.742 

2.316 

0.908 

0.059 

0.018 

0 . 

131. 

-13.7 

-17. 1 

15.0 

0.764 

2.338 

0.951 

0.190 

0.060 

0 . 

133. 

-14.2 

-20.9 

— 

0.768 

2.057 

0.852 

0.507 

0.195 

4. 

134. 

-12.2 

-16.7 

— 

0.770 

2.017 

0.848 

0.559 

0,211 

4. 

135. 

-11.3 

-15.3 

19.6 

0.771 

1.980 

0.845 

0 .608 

0.226 

0 . 

139. 

-11.2 

-16.1 

22.5 

0.763 

1.755 

0.794 

0.764 

0.279 

0 . 

140. 

-11.2 

-16.2 

22.1 

0.760 

1.701 

0.778 

0.791 

0.291 

0 . 

142. 

-12.2 

-17.3 

21.1 

0.752 

1.582 

0.735 

0.832 

0.313 

0 . 

14$. 

-13.3 

-18.0 

18.6 

0.731 

1,264 

0.573 

0.857 

0.371 

0 , 

149 » 

-14.0 

-17.4 

18.6 

0.728 

1.225 

0.551 

0.851 

0.379 

0 . 

152. 

-16.1 

-19.8 

16.8 

0.722 

1.104 

0.475 

0.824 

0.406 

0 . 

154. 

-14.0 

-16.9 

25.4 

0.720 

1.126 

0.473 

0.803 

0.424 

0 . 

156. 

-11.9 

-15.4 

26.5 

0.719 

1.100 

0.462 

0.780 

0.442 

0 . 

159. 

-10.0 

-15.3 

21.3 

0.720 

1.061 

0.454 

0.748 

0.473 

3. 

161. 

-11.5 

-15.5 

17.8 

0.722 

1.047 

0.-450 

0.730 

0.495 

0 . 

163. 

-8.3 

-12.7 

24.6 

0.723 

0.898 

0.449 

0.715 

0,520 

4. 

166. 

-8.5 

-13.1 

28.2 

0.722 

0.763 

0.448 

0.698 

0.562 

4. 

168. 

-6.3 

-15.1 

22.9 

0.719 

0.688 

0.447 

0.692 

0.594 

0 . 

170. 

-4.4 

-12.7 

22-5 

0.302 

0.218 

0.161 

0.000 

0.000 

1 . 

173. 

-5.6 

-15.9 

26.7 

0.287 

0.218 

0.162 

G.000 

0.000 

1 . 

196. 

-10.1 

-17.6 

4.6 

0.267 

0.184 

0.161 

0.000 

0.000 

1 . 


— CODE EXPLANATION 

0 — NORMAL DATA 

1 — POST-HARVEST 

2 — BLOWN DOWN AREAS 

3 — WINDY DURING DATA ACQUISITION 

4 — RECENT HEAVY RAIN 


WHEAT FIELD # 10 


JULIAN SIGMAO 

SIGMAO 

SOIL 

CANOPY 

DATE 

W 

VK 

MO IS HEIGHT 

121. 

-11.2 

-19.3 

9.5 

0.290 

126. 

-15.1 

-20.3 

24.7 

0.386 

128. 

-13.5 

-19.3 

16.2 

0.417 

131. 

-13.7 

-18.7 

18.2 

0.474 

133. 

-12.5 

-17.3 

— 

0.525 

134. 

-7-6 

-14.2 


0.542 

135. 

-14.0 

-18.8 

29.9 

0.559 

140. 

-9.6 

-18.0 

32.1 

0.666 

142. 

-16.6 

-20.5 

26.2 

0.706 

148. 

-16.1 

-19.3 

22.9 

0,807 

149. 

-16.0 

-20 .3 

34.7 

0.820 

152. 

-15.8 

-19.0 

24.5 

0.853 

154. 

-15.3 

-17.9 

26.0 

0.869 

156. 

-17.2 

-21.3 

21.5 

0.880 

159. 

-16.6 

-17.8 

23.4 

0.887 

161. 

-17.7 

-13.6 

13.3 

0.886 

163. 

-16.8 

-14.4 

26.4 

0.881 

166. 

-10.3 

-11.5 

30.0 

0.866 

168. 

-10.7 

-14.6 

28.8 

0.853 

170. 

-9.1 

-12.4 

28.8 

0.837 

173. 

-5.6 

-10.8 

42.3 

0.811 

175. 

-6.1 

“12.6 

29.5 

0.794 

177. 

-6.6 

-10.2 • 

26.9 

0.778 

180. 

-5.1 

-12.5 

24.2 

0.273 

196. 

-7.8 

-15.1 

— 

0.198 


LEAF & 

STALK 

“---HEAD—— 


FRESH 

DRY 

FRESH 

DRY 

CODE 

BIOMASS 

BIOMASS 


0.402 

0.173 

0.000 

0.000 

0 . 

0.823 

0.276 

O.OQO 

0.000 

0 . 

0.992 

0.314 

0.000 

0.000 

0 . 

1.202 

0.359 

0.000 

0.000 

0 . 

1,324 

0.385 

0.000 

0.000 

4. 

1,364 

0.394 

0.000 

0.000 

4. 

1.405 

0.403 

0.000 

0.000 

0 . 

1.564 

0.450 

0,000 

0.000 

4. 

1.531 

0.442 

0.062 

0.021 

3. 

1.413 

0.442 

0.184 

0.055 

0 . 

1.357 

0.432 

0.228 

0.069 

0 . 

1.207 

0.403 

0.323 

0.106 

0 . 

1.121 

0.391 

0.362 

0.125 

4. 

1.039 

0.380 

0.384 

0.139 

0 . 

0.925 

0.368 

0.392 

0.155 

3. 

0.855 

0.362 

0.384 

0.162 

0 . 

0.789 

0,360 

0.366 

0.166 

4. 

0.698 

0.358 

0.330 

0.170 

4. 

0.633 

0.356 

0.303 

0.171 

0 . 

0.571 

0.353 

0.275 

0.172 

0 . 

0.473 

0.341 

0.235 

0.173 

O 

Mm » 

0.393 

0.315 

0.212 

0.175 

0 . 

0.280 

0.252 

0.192 

0.178 

0 . 

0.239 

0.152 

0.000 

0.000 

1 . 

0.136 

0.093 

0.000 

0.000 

1 . 


— CODE EXPLANATION — 

0 — NORMAL DATA 

1 — POST-HARVEST 

2 — BLOWN DOWN AREAS 

3 — WINDY DURING DATA ACQUISITION 

4 — RECENT HEAVY RAIN 


COEN FIELD # 1 


— STALK —FRUIT— LEAF 


JULIAN SIGMAO 

SIGMAO 

SOIL 

FRESH 

DRY 

CANOPY 

FRESH 

DRY 

FRESH 

DRY 

CODE 

DATE 

W 

VH 

MOZS 

BIOMASS 

HEIGHT 

BIOMASS 

BIOMASS 


139. 

-10.2 

-19.2 

30.5 

0.066 

0.013 

0.168 

0.000 

0.000 

0.090 

0.018 

0 . 

141. 

-10.2 

-17.9 

27.0 

0.082 

0.015 

0.257 

0.000 

0.000 

0.105 

0.019 

0 . 

146. 

-7.5 

-14.7 

22.8 

0.204 

0.029 

0.504 

0.000 

0.000 

0.213 

0.031 

4. 

147/ 

-10.2 

-17.6 

14.0 

0.279 

0.039 

0.557 

0.000 

0.000 

0,279 

0.039 

0 . 

149. 

-7-0 

-14.0 

27.5 

0.440 

0.057 

0.664 

0.000 

0.000 

0.406 

0.052 

0 . 

154. 

-5.6 

-13.1 

33.5 

0.905 

0.100 

0.943 

0.000 

0.000 

0.683 

0.075 

4. 

155. 

-5.0 

-12.1 

31.7 

1.008 

0.108 

1.000 

0.000 

0.000 

0.730 

0.Q78 

4. 

156. 

-5.7 

-13.9 

27.4 

1.113 

0.116 

1.056 

0.000 

0.000 

0.774 

0.080 

4. 

160. 

-5.9 

-13.0 

25.0 

1.566 

0.152 

1.281 

0.000 

0.000 

0.920 

0.089 

0 . 

163. 

-6.8 

-12.5 

30.0 

1.932 

0.183 

1.446 

0.000 

0.000 

0.996 

0.095 

0 . 

167. 

-7.4 

-12.5 

34.1 

2.453 

0.238 

1.658 

0.000 

0.000 

1.051 

0.102 

4. 

169. 

-7.5 

-16.1 

28.4 

2.722 

0.269 

1.759 

0.000 

0.000 

1.058 

0.105 

4. 

170. 

-7.4 

-15. 4 

31.0 

2.850 

0.285 

1.808 

0.000 

0.000 

1.064 

0.106 

4. 

175. 

-8.9 

-13.4 

29.9 

3.229 

0.296 

2.037 

0.250 

0.080 

1.078 

0.130 

0 . 

176. 

-7 .4 

-13.7 

27.8 

3.250 

0.298 

2.079 

0,350 

0.100 

1.079 

0.135 

0 . 

183. 

-7.0 

-12.4 

33.7 

2.917 

0.290 

2.338 

1.459 

0.275 

1.180 

0.201 

0 . 

194. 

-7.5 

-14.7 

14.3 

2.611 

0.438 

2.599 

2.334 

0.463 

1.274 

0.281 

0 . 

196. 

-7.6 

-14.1 

14.4 

2.607 

0.465 

2.627 

2.429 

0.517 

1.258 

0.277 

0 , 

198. 

-8.2 

“14.4 

8.9 

2.635 

0.501 

2.649 

2.495 

0.575 

1.232 

0.273 

0 . 

201. 

-6.9 

-12.9 

28.4 

2.688 

0.530 

2.671 

2.551 

0.669 

1.173 

0.269 

4. 

204. 

-8.9 

-16.7 

24.6 

2.752 

0.551 

2.681 

2.566 

0.769 

1.098 

0.265 

0 . 

209. 

-8.6 

-15.7 

21.6 

2.828 

0.556 

2,672 

2.533 

0.939 

0.951 

0,260 

0 . 

210. 

-8.4 

-14.6 

30.8 

2.830 

0.549 

2.667 

2.521 

0.973 

0.921 

0.259 

0 . 

211. 

-8.1 

-14.7 

29.9 

‘ 2.837 

0.550 

2.660 

2.508 

1,006 

0.890 

0.258 

0 . 

216. 

-8.4 

-13.1 

47.3 

2.758 

0.488 

2.616 

2.428 

1.167 

0.745 

0.255 

0 . 

218. 

-9.0 

-16.6 

34.7 

2.697 

0.456 

2.593 

2.391 

1.227 

0.691 

0.253 

0 . 

222. 

-8.3 

-15.8 

26.7 

2.785 

0.473 

2.541 

2.312 

1.332 

0.593 

0.250 

0 . 

224. 

-9.1 

-16.0 

22.3 

2.828 

0.486 

2.514 

2.270 

1.377 

0.549 

C.249 

0 . 

225. 

-10,1 

-16.9 

25.4 

2.846 

0.491 

2.500 

2.248 

1.397 

0.528 

0.248 

0 . 

236. 

“12.4 

-17.9 

13.6 

2.535 

0.502 

2.370 

1,971 

1.485 

0.343 

0.235 

0 . 

240. 

-5.0 

-13.0 

30.0 

2.432 

0.498 

2.349 

1.846 

1.441 

0.292 

0.227 

0 . 

242. 

-7.5 

-13.9 

25.8 

2.295 

0.485 

2.348 

1.776 

1.401 

0,269 

0.223 

0 . 

244. 

-4.8 

-12.5 

35.0 

2.137 

0.468 

2.348 

1.699 

1.348 

0.247 

0.218 

4, 

246. 

-4.8 

-12.8 

29.5 

1/968 

0.446 

2.348 

1.614 

1.281 

0.227 

0.212 

0 . 

249. 

-8.7 

-14.6 

27.8 

1.677 

0.405 

2.348 

1,468 

1.153 

0.203 

0.203 

0 . 

251. 

-4.4 

—12. 1 

28.7 

1.325 

0,400 

2.348 

1.355 

1.047 

0.195 

0.195 

4. 

256. 

-8.3 

-15.5 

27.2 

0.439 

0.248 

0.440 

0.000 

0.000 

0.000 

0.000 

1 . 


CODE EXPLANATION --- 

0 — NORMAL DATA 

1 — POST-HARVEST 

3 ~ WINDY DURING DATA ACQUISITION 

4 — RECENT HEAVY RAIN 


CORN FIELD # 


2 


—STALK' —FRUIT LEAF- 


JULIAN SIGMAO 

SIGMAO SOIL 

. FRESH 

DRY 

CANOPY 

FRESH 

DRY 

FRESH 

DRY 

CODE 

DATE 

W 

VH 

HOIS 

BIOMASS 

HEIGHT 

BIOMASS 

BIOMASS 


139. 

-7.5 

-18.4 

39.9 

0.063 

0.013 

0.350 

0.000 

0.000 

0.086 

0.018 

4. 

141. 

-9.6 

-18.5 

27.9 

0.101 

0.018 

0.362 

0.000 

0.000 

0.129 

0.023 

0 . 

147. 

^10.3 

-19.1 

24.0 

0.322 

0.038 

0.540 

0.000 

O.OOG 

0.321 

0.038 

0 . 

148. 

-8.0 

-14.4 

36.1 

0.475 

0.050 

0.636 

0.000 

0.000 

0.438 

0.047 

0. 

154. 

-5.2 

-11.8 

40.6 

0.934 

0.083 

0.929 

0.000 

0.000 

0.704 

0,063 

4. 

155. 

-4.6 

-10.9 

39.6 

1.039 

0.092 

0.994 

0.000 

0.000 

0.752 

0.066 

4. 

156. 

-5 . 1 

-12.9 

39.7 

1.148 

0.100 

1.061 

0.000 

0.000 

0.797 

0.069 

4. 

160. 

-5.1 

-13.9 

28.5 

1.623 

0.144 

1.335 

0.000 

0.000 

0.953 

0.085 

4. 

163. 

-4.1 

-12.1 

39.9 

2.018 

0.192 

1.542 

0.000 

O.OOQ 

1.040 

0.099 

4. 

167. 

-6.8 

-12.9 

37.7 

2.591 

0.277 

1.809 

0.000 

0.000 

1.110 

0.119 

4. 

169. 

-4.4 

-11.8 

35.3 

2.891 

0.330 

1.935 

0.000 

0.000 

1.124 

0.128 

4. 

170. 

-5.7 

-12.2 

34.7 

3.045 

0.359 

1.996 

0.000 

0.000 

1.126 

0.133 

4. 

175. 

-7.3 

-11.4 

39.6 

3.304 

0.420 

2.270 

0.470 

0.100 

1.130 

0.157 

0 . 

176. 

-7.0 

-13.8 

41.8 

3.405 

0.432 

2.319 

0.500 

0.110 

1.135 

0.174 

0 . 

183. 

-7.8 

-12.4 

38.3 

4.003 

0.572 

2.587 

0.720 

0.190 

1.138 

0.240 

0 . 

194. 

-8.3 

-14.9 

19.4 

4.126 

0.734 

2.763 

1.229 

0.333 

1.109 

0.271 

0 . 

196. 

-9.7 

-16 . 5 

18.1 

4.010 

0.730 

2.767 

1-357 

0,371 

1.097 

0.269 

0 . 

197. 

-7.8 

-14.0 

14. S 

3.938 

0.726 

2.766 

1.428 

0.395 

1.091 

0.267 

0 . 

201. 

-8.5 

-13.7 

42.8 

3.541 

0.636 

2.752 

1.719 

0.519 

1.062 

0.261 

4. 

. 204. 

-7.0 , 

-13.0 

39.9 

3.139 

0.529 

2.733 

1.911 

0.633 

1.039 

0.256 

0 . 

209. 

-8.0 

-14.1 

40.1 

3.281 

0.525 

2.703 

2.127 

0.841 

1.003 

0.248 

4. 

210. 

-8.6 

-14.8 

39.2 

3,255 

0.520 

2.699 

2.154 

0.883 

0.996 

0.246 

0 . 

211. 

-7.6 

-13,7 

40.1 

3.190 

0.510 

2.697 

2.176 

0.925 

0.989 

0.245 

0 . 

216. 

-8.7 

-15.0 

39.2 ' 

3.474 

0.405 

2.697 

2.210 

1.115 

0.963 

0.241 

4. 

223. 

-8.7 

-15.1 

33.2 

2.389 

0.372 

2.697 

2.000 

1.000 

0.951 

0.246 

0 . 

224. 

-6.3 

-17.4 

29.7 

0.460 

0.066 

0.243 

0.000 

0.000 

0.000 

0.000 

1 . 

225. 

-6.3 

-16.4 

22.2 

0.494 

0.099 

0.198 

0.000 

0.000 

0.000 

0.000 

1. 


CODE EXPLANATION 

0 — NORMAL DATA 

1 — POST-HARVEST 

3 — WINDY DURING DATA ACQUISITION 

4 — RECENT HEAVY RAIN 


269 


CORN HEED # 3 


-“STALK — FRUIT ---LEAF 


JULIAN SIGMAO 

SIGMAO 

SOIL 

ERESH 

DRY 

CANOPY 

ERESH 

DRY 

EKESH 

DRY 

CODE 

DATE 

W 

VH 

MO IS 

BIOMASS 

HEIGHT 

BIOMASS 

BIOMASS 


139. 

-7.4 

-18.2 

34.2 

0.039 

0.007 

0.277 

0.000 

0.000 

0.055 

0.010 

4. 

141. 

-8.7 

-17.7 

36.4 

0.053 

0.009 

0.276 

0.000 

0.000 

0.068 

0.012 

0 . 

146. 

-10.5 

-18.5 

31.2 

0.111 

0.017 

0.363 

0.000 

0.000 

0.116 

0.017 

0 . 

147. 

-11.9 

-18.8 

28.8 

0.169 

0.024 

0.393 

0.000 

0.000 

0.168 

0.025 

0 . 

149. 

-5.3 

-13.0 

34.1 

0.300 

0.041 

0.455 

0.000 

0.000 

0.277 

0.037 

4. 

154. 

-5.4 

-12.5 

36.8 

0.725 

0.084 

0.696 

0.000 

0.000 

0.547 

0 . 064 

4. 

155. 

-5.9 

-12.2 

37.0 

•0.824 

0.092 

0.750 

0.000 

0,000 

0.597 

0.067 

4. 

156. 

-7.3 

-14.3 

33,5 

0.929 

0.101 

0.805 

0.000 

0.000 

0.646' 

0.071 

0 . 

160. 

-5.9 

-12.1 

29.0 

1.390 

0.135 

1.040 

0.000 

0.000 

0.816 

0.079 

4. 

163. 

-6.1 

-12.4 

32.1 

1.776 

0.162 

1.226 

0.000 

0.000 

0.915 

0.083 

4. 

167. 

-5.9 

-12.3 

36.6 

2.335 

0.187 

1.477 

0.000 

0.000 

1.001 

0.100 

4. 

169. 

-6.6 

-12.5 

28.9 

2.628 

0.187 

1,602 

0.000 

0.000 

1.022 

0.120 

4. 

170. 

-5.5 

-12.5 

31.7 

2.780 

0.190 

1.663 

0.000 

0.000 

1.028 

0.130 

4. 

176. 

-7.1 

-12.9 

33.7 

3.431 

0.176 

2,013 

0.200 

0.065 

1.078 

0.173 

0 . 

183. 

-7.1 

-12.1 

27.7 

3.074 

0.192 

2.356 

1.452 

0.148 

1.114 

0.241 

0 . 

194. 

-7.9 

-14.5 

13.7 

3.155 

0.290 

2.704 

2.377 

0.445 

1.223 

0.278 

0 . 

196. 

-7-9 

-14.9 

12.3 

3.183 

0.321 

2.740 

2.460 

0.507 

1.258 

0.283 

0 . 

197. 

“8.5 

-14.5 

8.2 

3.198 

0.341 

2.754 

2.495 

0.538 

1.276 

0.2B5 

0 . 

201. 

-7.1 

-13.5 

26.8 

3.243 

0.425 

2.791 

2.598 

0.665 

1,345 

0.290 

4. 

204. 

-7.7 

-14.5 

22.6 

3.261 

0.493 

2.798 

2.643 

0.760 

1.387 

0.293 

0 . 

209. 

-8.5 

-16.0 

30.2 

3.253 

0.596 

2.775 

2.670 

0.914 

1.410 

0.295 

4, 

210. 

-10.3 

-17.2 

31.0 

3.255 

0.615 

2.765 

2.670 

0.944 

1.404 

0.295 

4. 

211. 

-9.1 

-16.0 

27.2 ■ 

, 3.252 

0.634 

2.755 

2.668 

0.973 

1.394 

0.295 

0 . 

216. 

-7.8 

-14.6 

23.4 

3.219 

0.702 

2.685 

2.633 

1.110 

1.285 

0.294 

4. 

217. 

-6.4 

-12.9 

34.5 

3.209 

0.711 

2.669 

2.622 

1.135 

1.252 

0.293 

4. 

223. 

-7.1 

-14.6 

30.1 

3.078 

0.699 

2.566 

2.527 

1.265 

1.002 

0.289 

0 . 

225 . 

-7,3 

-14.6 

28.6 

2.992 

0 .664 

2.533 

2.485 

1.298 

0.911 

0.287 

0 . 

236. 

-7.9 

-14.9 

13.1 

2.771 

0.493 

2.520 

2.166 

1.375 

0.490 

0.276 

0 . 

240. 

-9.3 

-15.6 

31.0 

2.891 

0.484 

2.502 

2.010 

1,348 

0.387 

0.273 

0 . 

242. 

-9.1 

-16.1 

27.5 

2.938 

0.476 

2.500 

1.923 

1,321 

0.345 

0.271 

0 . 

244. 

-6.6 

-13.6 

18.3 

3.014 

0.464 

2.500 

1.830 

1.285 

0.308 

0.270 

4. 

246. 

-8.9 

-13.8 

22.7 

3.072 

0.451 

2.500 

1.730 

1.240 

0.276 

0.269 

0 . 

249. 

-6.6 

-12.0 

23.5 

2.034 

0.557 

0.440 

0.000 

0.000 

0.000 

0.000 

1 . 


— CODE EXPLANATION — 

0 — normal Lata 

1 — POST-HARVEST 

3 — WINDY DURING DATA ACQUISITION 

4 — RECENT HEAVY RAIN , 


270 


CORN FIELD § 4 


—STALK—- — FRUIT LEAF- 


JULIAN 

SIGMAQ 

SIGMAO 

SOIL 

FRESH 

DRY 

CANOPY 

FRESH 

DRY 

FRESH 

DRY 

CODE 

DATE 

W 

VH 

HOIS 

BIOMASS 

HEIGHT 


BIOMASS 

BIOMASS 


139. 

-7.8 

-19.5 

33.9 

0.132 

0.031 

0.302 

0 

.000 

0.000 

0.183 

0,042 

4. 

141. 

-5.6 

-15.1 

31.9 

0.188 

0.037 

0.350 

0 

.000 

0.000 

0.239 

0,046 

0. 

147. 

-8.3 

-14.9 

24.6 

0.604 

0.071 

0.602 

0 

.000 

0.000 

0.603 

0.070 

0. 

149. 

-4.8 

-12.4 

32.0 

0.847 

0.086 

0.713 

0 

.000 

0.000 

0.782 

0.080 

4. 

154. 

-5.3 

-12.2 

41.5 

1.564 

0.105 

1.028 

0 

.000 

0.000 

1.179 

0.120 

4. 

155. 

-5.3 

-11.8 

38.3 

1.725 

0.101 

1.096 

0 

.000 

0.000 

1.250 

0.140 

4. 

156. 

-6.2 

-13.5 

42.5 

1.892 

0.107 

1.164 

0 

.000 

0.000 

1.314 

0.150 

4. 

160. 

-4.6 

-12.0 

27.1 

2.611 

0.184 

1.442 

0 

.000 

0.000 

1.534 

0.160 

4. 

163. 

. -6.0 

-11.7 

32.0 

3.199 

0.256 

1.650 

0 

.000 

0.000 

1.648 

0.180 

4. 

167. 

-6.5 

-12.2 

36.0 

4.033 

0.389 

1.917 

0 

.000 

0.000 

1.728 

0.210 

4. 

169. 

-5.4 

-11.0 

32.9 

4.467 

0.461 

2.043 

0 

.000 

0.000 

1.737 

0.240 

4. 

170. 

-5.3 

-12.1 

31.0 

4.682 

0.490 

2.105 

0 

.000 

0.000. 

1.732 

0.260 

4. 

176. 

-6.3 

-12.6 

32.8 

5.452 

0.668 

2,434 

0 

.300 

0.090 

1.820 

0.340 

0. 

183. 

-6.7 

-12.1 

30.2 

5.170 

0.736 

2.721 

1 

.475 

0.266 

1.898 

0.493 

0. 

194. 

-7.9 

-15.5 

15.0 

4,281 

0.790 

2.940 

2 

.919 

0.655 

1.818 

0.449 

0. 

196. 

-6.9 

-14.0 

15.4 

4.167 

0.754 

2.951 

3 

.010 

0.735 

1.793 

0.439 

0. 

197. 

-8.5 

“14 . 6 

14.5 

4.108 

0.727 

2.954 

3 

.040 

0.776 

1.780 

0.434 

0. 

201. 

-6.2 

-13.1 

26.8 

3.849 

0.716 

2,949 

3 

.096 

0.941 

1.724 

0.415 

4. 

204. 

-6.7 

-14.4 

26.4 

3.785 

0,704 

2.931 

3 

.095 

1.065 

1.681 

0.401 

0. 

20.9 . 

“7.2 

-14.1 

36.1 

3.683 

0.685 

2.887 

3 

.063 

1.266 

1.617 

0.385 

4. 

210., 

-7.1 

-14.2 

36.9 

3-608 

0.671 

2.877 

3 

.056 

1.304 

1.606 

0.382 

4. 

21 1. 

-6.5 

-13.4 

43.8 

3.586 

0.667 

2.868 

3 

.049 

1.342 

1.596 

0.380 

0. 

216. 

-7.7 

-15.0 

39.6 . 

3.532 

0.657 

2.831 

3 

.026 

1.519 

1.562 

0.378 

4. 

217 c 

-7.2 

-13.2 

37.4 

3.495 

0.650 

2.828 

3 

.025 

1.551 

1.543 

0.375 

4. 

219. 

—9,0 

-17.9 

36.7 

3.452 

0.642 

2.826 

3 

.026 

1.611 

1.504 

0.370 

4. 

223. 

-7.0 

-15.0 

31.6 

3.415 

0.632 

2.825 

3 

.049 

1.716 

1.457 

0.370 

0, 

225. 

-7.0 

-13.6 

36.9 

3.286 

0.628 

2.824 

3 

.073 

1.758 

1.415 

*0.368 

0. 


CODE EXPLANATION — 

0 — NORMAL DATA 

1 — POST-HARVEST 

3 — WINDY DURING DATA ACQUISITION 

4 — RECENT HEAVY RAIN 


CORK FIELD # 5 


— STALK — FRUIT LEAF- 


JULIAN SIGMAO 

SIGMAO 

SOIL 

FRESH 

DRY 

CANOPY 

FRESH 

DRY 

FRESH 

DRY 

CODE 

DATE 

W 

VH 

HOIS 

BIOMASS 

HEIGHT 

BIOMASS 

BIOMASS 


139* 

-8.8 

-17.8 

33.2 

0.066 

0.014 

0.301 

0.000 

0.000 

0.090 

0.019 

4. 

141. 

-8.0 

-15.2 

28.6 

0.102 

0.019 

0.336 

0.000 

0.000 

0.129 

0.024 

0 . 

146. 

-7.1 

-15.9 

24.7 

0.275 

0.038 

0.489 

0.000 

0.000 

0.287 

0.040 

0 . 

147. 

-6.7 

-14.0 

20.1 

0.348 

0.045 

0.529 

0.000 

0.000 

0.348 

0.046 

0 . 

149. 

-6,0 

-12.3 

26,6 

0.502 

0,059 

0.617 

0.000 

0.000 

0.464 

0.055 

0 . 

154. 

-5.7 

-12.0 

34.3 

0.950 

0.095 

0.873 

0.000 

0.000 

0.717 

0.072 

4. 

155. 

-5.7 

-12.6 

36.9 

1.050 

0.103 

0.928 

0.000 

O.000 

0.760 

0,074 

4. 

156. 

-5.0 

-14.0 

31.5 

1.152 

0.111 

0.985 

0.000 

0.000 

0.801 

0.077 

0 . 

160. 

-4.2 

-12.6 

27.0 

1.598 

0.152 

1.219 

0.000 

0.000 

0.939 

0.089 

0 . 

163. 

-5.8 

-13.4 

31.2 

1.963 

0.190 

1.398 

0.000 

0.000 

1.011 

0.098 

4. 

167. 

-6.7 

-12.8 

35.9 

2.493 

0.265 

1.634 

0.000 

0.000 

1.069 

0.113 

4. 

169. 

-5.2 

-11.9 

25.9 

2.771 

0.307 

1.748 

0.000 

0.000 

1.078 

0.120 

4. 

170. 

-5.4 

-13.4 

26.6 

2.914 

0.328 

1.804 

0.000 

0.000 

1.078 

0.127 

4. 

175. 

-6.3 

-12.0 

28.2 

3.493 

0.410 

2.066 

0.150 

0.045 

1.078 

0.158 

0 . 

176. 

-5.6 

-12.1 

27.5 

3.537 

0.422 

2.115 

0.200 

0.060 

1.078 

0.168 

0 . 

183. 

-6.6 

-11.5 

30.6 

3.024- 

0.480 

2.408 

1.550 

0.196 

1.079 

0.240 

0 . 

194. 

-6.8 

-13.3 

10.5 

3.128 

0.553 

2.680 

2.331 

0.487 

1.079 

0.281 

0 . 

196. 

-8.7 

-15.4 

6.0 

3.174 

0.567 

2.703 

2.377 

0.535 

1.080 

0.284 

0 . 

197* 

-6.7 

-13.2 

8.5 

3.175 

0.570 

2.712 

2.394 

0.558 

1.095 

0.285 

0 . 

201. 

-6.9 

-12.7 

28.9 

3.164 

0.579 

2.729 

2.425 

0.645 

1.154 

0.286 

4. 

204. 

-7.6 

-15.8 

24.1 

3.130 

0.578 

2.723 

2.419 

0.707 

1.191 

0.285 

0 . 

209, 

-6.8 

-14.9 

34.5 

3.024 

0.552 

2.684 

2.368 

O.SOO 

1.216 

0.280 

4. 

210. 

-7.1 

-14.7 

34.8 . 

2.991 

0.537 

2.672 

2.353 

0.818 

1.213 

0.273 

4. 

211. 

-8.1 

-16.2 

39.3 

2.966 

0.528 

2.660 

2.337 

0.835 

1.206 

0.277 

0 . 

216. 

-6.9 

-12.2 

29.6 

2.833 

0.468 

2.585 

2.238 

0.914 

1.114 

0.269 

4. 

217. 

-6.4 

-12.9 

38.2 

2-805 

0.453 

2.568 

2.215 

0.928 

1.084 

0.267 

4. 

219. 

-7.5 

-14.0 

28.9 

2.483 

0.447 

2.535 

2.168 

0.956 

1.017 

'0.264 

4. 

223. 

-7.2 

-14.3 

21.0 

2.472 

0.445 

2.470 

2.065 

1.007 

0.861 

0,259 

0 . 

225. 

-7.3 

-15.0 

26.6 

2.467 

0.444 

2.441 

2.012 

1.030 

0.780 

0.257 

0 . 

240. 

-8.1 

-13.8 

27.3 

2.428 

0.437 

2.440 

1.585 

1.149 

0.324 

0.250 

0 . 

242. 

-8.7 

-14.2 

29.9 

2.417 

0.435 

2.435 

1.528 

1.158 

0.285 

0.248 

0 . 

244. 

-6.2 

-12.7 

45.3 

2.268 

0.433 

2.430 

1.471 

1.166 

0.259 

0.246 

4. 

246. 

-5.1 

-10.7 

26.9 

1.066 

G.327 

0.660 

0.000 

0.000 

0.000 

0.000 

1 . 


CODE EXPLANATION 

0 — NORMAL DATA 

1 — POST-HARVEST 

3 — WINDY DURING DATA ACQUISITION 

4 — RECENT HEAVY RAIN- ' 


CORN FIELD # 6 


—STALK —FRUIT— —LEAF— 


JULIAN SIGMAO 

SIGMAO 

SOIL 

FRESH 

DRY 

CANOPY 

FRESH 

DRY 

FRESH 

DRY 

CODE 

DATE 

W 

VH 

MOIS 

BIOMASS 

HEIGHT 

BIOMASS 

BIOMASS 


139. 

-6.2 

-16.5 

36.3 

0.107 

0.018 

0.247 

0.000 

0.000 

0.148 

0.025 

4. 

142. 

-7.7 

-16.0 

30.2 

0.151 

0.023 

0.404 

0.000 

0.000 

0.184 

0.028 

0 . 

147. 

-7.6 

-14.2 

30.0 

0.438 

0.057 

0.682 

0.000 

0.000 

0.438 

0.056 

0 . 

148. 

-5.6 

-13.1 

— 

0.537 

0.066 

0.740 

0.000 

0.000 

0.515 

0.064 

4. 

149. 

-7.0 

-13.4 

34.3 

0.639 

0.076 

0.797 

0.000 

0.000 

0,589 

0.071 

0 . 

154. 

-5.5 

-12.4 

34.3 

1.185 

0.122 

1.088 

0.000 

0.000 

0.894 

0.092 

4. 

155. 

-5.9 

-12.1 

34.4 

1.300 

0 „ 130 

1.147 

0.000 

0.000 

0.942 

0.094 

4. 

156. 

-6 . 0 

-13.3 

31.5 

1.419 

0.136 

1.205 

0.000 

0.000 

0.986 

0.100 

4. 

160. 

-6.8 

-14.7 

42.4 

1.906 

0.162 

1.433 

0.000 

0.000 

1.120 

0.107 

0 . 

163. 

-5.0 

-11.0 

33,3 

2.289 

0.165 

1.599 

0.000 

0,000 

1.179 

0.130 

4. 

166. 

-6.8 

-14.0 

37.7 

2.681 

0.172 

1.760 

0.000 

0.000 

1.204 

0.150 

4. 

167. 

-7.4 

-11.6 

38.4 

2.677 

0.174 

1.811 

0.000 

0.000 

1.206 

0.190 

4. 

169. 

-5.4 

-12.8 

25.5 

2.794 

0.176 

1.912 

0.000 

0.000 

1.220 

0.200 

4. 

170. 

-6.0 

-12.8 

29.7 

2.950 

0.177 

1.961 

0.000 

0.000 

1.230 

0.210 

4. 

175. 

-6.5 

-11.9 

25.5 

3.111 

0.181 

2.190 

0.620 

0.120 

1.258 

0.243 

0 . 

176. 

-5.7 

-12.3 

23.4 

3.009 

0.200 

2.232 

0.820 

0.150 

1.270 

0.254 

0 . 

177, 

-5.6 

-11.4 

31.1 

2.677 

0.246 

2.273 

1,235 

0.173 

1.292 

0.265 

0 . 

194. 

-6.4 

-13.5 

17.1 

2.363 

0.311 

2.766 

2.861 

0.442 

1.289 

0.270 

0 . 

197. 

-8.3 

-15.0 

10.1 

2.525 

0.359. 

2.811 

2.835 

0.518 

1.278 

0.271 

0 . 

198. 

-7.6 

-14.2 

15.7 

2.580 

0.379 

2.824 

2.824 

0.545 

1.272 

0.271 

0 , 

202. 

-7.0 

-13.1 

tmm 

2.765 

0.449 

2.860 

2.777 

0.655 

1.235 

0.272 

0 . 

204. 

-7.1 

-13.3 

19.0 

2.840 

0.479 

2.871 

2.751 

0.711 

1.208 

0.272 

0 . 

209. 

-7.6 

-14.3 

35,7 

2,998 

0.561 

2.877 

2.675 

0.853 

1.120 

0.271 

4. 

210. 

-7.6 

-35.0 

37.2 

' 3-025 

0.577 

2.875 

2.658 

0.881 

1.098 

0.271 

4. 

211. 

-7.0 

-14.2 

29.0 

3.038 

0.584 

2.872 

2.641 

0.909 

1.076 

0.270 

0 . 

216. 

-6.3 

-12.6 

32.6 

3.090 

0,635 

2.845 

2.548 

1.042 

0.954 

0.268 

4. 

217. 

-6.8 

-13.0 

37.8 

3.091 

0.642 

2.837 

2.528 

1.067 

0.929 

0.268 

4. 

220. 

-7.8 

-14.9 

— 

3.055 

0.642 

2.810 

2.465 

1.137 

0.850 

0,266 

0 . 

222. 

-7.7 

-15.5 

33.5 

3.015 

0.638 

2.790 

2.421 

1.180 

0.798 

0.264 

0 . 

223. 

-7.8 

-13.7 

29.0 

2.986 

0.629 

2.779 

2,398 

1.200 

0.772 

0.264 

0 . 

226, 

-7.8 

-15.2 

28.0 

2.882 

0.597 

2.746 

2.324 

1.254 

0.696 

0.262 

0, 

242. 

-6.1 

-13,6 

28.3 

2.613 

0.468 

2.621 

1.820 

1.317 

0.381 

0.251 

0 . 

245. 

-4.6 

-12.6 

33.5 

2.599 

0.455 

2.620 

1.697 

1.274 

0.340 

0.250 

4. 

247. 

-4.2 

-12.8 


2.586 

0,443 

2.620 

1.608 

1.234 

0,316 

0.249 

0 . 

249. 

-4.9 

-13.8 

29.0 

2.576 

0.428 

2.620 

1.514 

1.185 

0.293 

0.249 

0 . 

252. 

-4.9 

-13.9 

33.2 

2.529 

0,400 

2.620 

1.359 

1.091 

0 , 263 

0.248 

0 . 

258. 

-9.6 

-16.2 


2.113 

0.321 

2.620 

1.159 

0.950 

0.249 

0.249 

0 . 


CODE EXPLANATION — " 

0 — NORMAL DATA 

1 — POST-HARVEST 

3 — WINDY DURING DATA ACQUISITION 

4 — RECENT HEAVY RAIN 


t iLZ 


0VW9IS 1VWH0N3V — 6 
Niva ZAV3H 1N3DHH — V 

Nomsinbov viva oNiana aonia — e 

IS3AHVH-IS0J — I 

’ • viva avHHON — o 
— * NouvNvaaxH scoo — - 


*1 

ooo 'a 

000*0 

000*0 

000*0 

OVV'O 

I8T*0 

30V "0 

X *33 

8*5X- 

0*6- 

*653 

*1 

000 *0 

000*0 

000*0 

000*0 

OVVO 

£VI*0 

895*0 

— . 

X * SI- 

6*£- 

*853 

•o 

553*0 

583*0 

0£8*X 

851*3 

038*3 

S8V * 0 

V6l*3 

8*08 

X’ 31- 

6*9“ 

*353 

*0 

993*0 

two 

608*1 

586*1 

535*3 • 

0£V"0 

581*3 

X *38 

£*St- 

9*8- 

*6V3 

*0 

e£3* o 

698*0 

S£3'I 

V06*X 

088*3 

39V *0 

8£X *3 

X’ 65 

9 ’ 11 “ 

V’9- 

*£V3 

*V 

6£3*0 

£0V*Q 

WX 

SV8-X 

588*3 

SSV’O 

391*3 

5*55 

6*31- 

C*£- 

*SV3 

*0 

183*0 

69V" 0 

V03‘T 

68£*x 

0V8'3 

SVV‘0 

8VX*3 

3*X5 

6‘VX- 

0*6- 

*3V3 

•v 

563*0 

855*0 

09X*X 

£9£*X 

3V5*3 

SSV’O 

0X1*3 

o*xv 

0*51- 

£*g~ 

*863 

*0 

918*0 

6X6*0 

880 *X 

980*3 

5517 '3 

995*0 

395*3 

3*63 

o*vx- 

3*8- 

*833 

*0 

£X6*Q 

IV6VG 

V30*X 

£3X*3 

ZVV3 

3 £5*0 

365*3 

0*05 

£*VX- 

X*8- 

*333 

‘V 

038*0 

VOO'X 

866*0 

V93’3 

39V '3 

195*0 

539*3 

£*88 

V'VX- 

8*8- 

*613 

*v 

138*0 

3V0 M 

0£6*0 

998*3 

5£V*3 

£175*0 

819*3 

£*68 

8*61- 

6*9- 

’LIZ 

*v 

338*0 

190*1 

£56*0 

6TV3 

8£V*3 

3VS*0 

609*3 

9*V8 

5*51- 

5*8- 

*9X3 

*0 

£38*0 

VVX'X 

088*0 

969*3 

8SV3 

59V *0 

£VV3 ’ 

£*95 

8* VI- 

0*8- 

*XX3 

'V 

838*0 

091*1 

398*0 

0S£*3 

£8V*3 

35V *0 

V0V3 

8*017 

3 *VX- 

8*8- 

*013 

*v 

638*0 

5£I'X 

8V8*0 

108*3 

58V *3 

£€V*0 

855*3 

9*517 

£*VX- 

5*8- 

*603 

*0 

t?88*0 

853*1 

£3£*0 

3£6‘3 

09V*3 

155*0 

501*3 

6*38 

3*VI- 

0 *£- 

*V03 

•a 

£88*0 

883*1 

3£9‘0 

996*3 

XVV'3 

8X5*0 

850*3 

8* VS 

9*VX- 

V*8- 

*303 

*0 

WO 

X£S*X 

XV5*0 

X3£*3 

885 “3 

9£3*Q 

050*3 

£*3X 

£*VX- 

X * 8- 

*86X 

*6 

5V8*Q 

£68*X 

V05*0 

£65*3 

t££*3 

3£3" 0 

00X *3 

8*03 

£’SI- 

r*i- 

* £6X 

*0 

358*0 

00*7* t 

X88*0 

£50*3 

5X5*3 

£93*0 

8517*3 

5*31 

VST- 

X ’£- 

*V6X 

*0 

013*0 

<766*0 

050*0 

098*0 

6X£*l 

581*0 

369*3 

3 *58 

x *vi- 

V*£- 

*9£I 


9a*o 

£98*0 

000*0 

000*0 

9VV*t 

851*0 

VV6*3 

— 

8*31- 

8*5- 

’01.1 

■V 

0£I*0 

658*0 

000*0 

000*0 

665* t 

6VI*0 

603*3 

X*06 

£*8I- 

V' 9“ ’ 

*691 

•V 

091*0 

888 *0 

000*0 

000*0 

305*1 

63X '0 

5V6*I 

V’ 65 

9*31- 

VS- 

*£9X 

*v 

V5t*0 

5X8*0 

000*0 

000*0 

553*1 

6X1*0 

8X8*1 

I*3V 

6*51- 

9*9“ 

*991 

*v 

031*0 

Sy£*0 

000*0 

000*0 

501*1 

311*0 

5VVT 

oxv 

9*31- 

3*5- 

'591 

*0 

560*0 

£V9*0 

000*0 

000*0 

£56*0 

960*0 

301 *t 

3*X3 

8*81- 

0*£- 

*09t 

*v 

£50*0 

88V *0 

000*0 

000*0 

S9£'0 

130*0 

80£*0 

5*88 

9*31- 

1*5- 

*951 

‘V 

850*0 

wo 

000*0 

000*0 

8X£*0 

3£0*0 

VI9*0 

3*SV 

o*xx- 

8*8- 

■ ffj 

*v 

8V0*0 

668*0 

000*0 

000*0 

3£9*0 

1790*0 

055*0 

X *86 

8*3X- 

VV- 

*V*t 

*0 

830*0 

on*o 

000*0 

000*0 

8517*0 

530*0 

V8X * 0 

3*63 

3‘9l“ 

9*6- 

*6VX 

■V 

810*0 

831*0 

000*0 

000*0 

03V *0 

810*0 

881 * 0 


0*£X- 

V‘6- 

*8VX 

*0 

310*0 

880*0 

000*0 

000*0 

385*0 

310*0 

1780*0 

£’X3 

V*8X- 

6*81- 

*£VI 

*0 

vio*q 

580 '0 

000*0 

000*0 

533*0 

1X0*0 

690*0. 

3*63 

I* 81- 

3*01- 

*3VX 

*0 

600*0 

050*0 

000*0 

000*0 

S£I*0 

900*0 

£50*0 

6*98 

6’81- 

3*31- 

*ovx 


SSVKOtH 

ssvwoia 

IHOI3K 

SSVJI0I5 

SIOK 

HA 

AA 

3iva 

aaoD 

ma 

Hssaa 

ma 

.HS2H2 

AdONVO 

im 

HS3UI 

aios 

ovrois gvrois Nvianr 


.3V2I— ~ 


— iinai-- 


— mvis— 


L 4 aian nhoo 


CORN FIELD # 8 


STALK —FRUIT — LEAF— 


JULIAN SIGMAO 

SIGMAO 

SOIL 

FRESH 

DRY 

CANOPY 

FRESH 

DRY 

FRESH 

DRY 

CODE 

DATE 

W 

VH 

MOIS 

BIOMASS 

HEIGHT 

BIOMASS 

BIOMASS 


140, 

-9.0 

-16.8 

31.7 

0.027 

0.005 

0.304 

0.000 

0.000 

0.035 

0.007 

0. 

142. 

-9.2 

-18.2 

35.0 

0.047 

0.008 

0.310 

0.000 

0.000 

0.057 

0.009 

0. 

148. 

-7.2 

-16.8 

23.1 

0.120 

0.014 

0.443 

0.000 

0.000 

0.115 

0.013 

4. 

149. 

-7.4 

-16.0 

29.2 

0.151 

0.017 

0.478 

0.000 

0.000 

0.140 

0.015 

4. 

155. 

-4.0 

-11.3 

43.2 

0.425 

0.043 

0.743 

0.000 

0.000 

0.307 

0.031 

4. 

156. 

-4.9 

-12.0 

39.1 

0.484 

0,050 

0.794 

0.000 

0.000 

0.336 

0.034 

4. 

160. 

-7.4 

-15.1 

44.7 

0.759 

0.083 

1.004 

0.000 

0.000 

0.445 

0.049 

0. 

163. 

-5.5 

-11.5 

43.1 

1.002 

0.119 

1.165 

0.000 

0.000 

0.516 

0.062 

4. 

166. 

-5.9 

-12.5 

44.7 

1.274 

0.166 

1.323 

0.000 

0.000 

0.572 

0.074 

4. 

167. 

“5.7 

-12.8 

40.7 

1.370 

0.183 

1.374 

• 0.000 

0.000 

0.587 

0.079 

4. 

169. 

-6.7 

-14.5 

34.7 

1.571 

0.225 

1.473 

0.000 

0.000 

0.611 

0.087 

4. 

170. 

-5.0 

-11.4 

41.0 

1.674 

0.246 

1.521 

0.000 

0.000 

0.619 

0.091 

4. 

175. 

-6.3 

-11.7 

36.3 

1.691 

0.257 

1.739 

0.510 

0.120 

0.614 

0.094 

G. 

176. 

-6.2 

-12.3 

39.3 

1.711 

0.260 

1.777 

0.710 

0.180 

0.609 

0.100 

0. 

194. 

-6.7 

-14.0 

23.5 

1.822 

0.277 

2.124 

1.994 

0.555 

0.602 

0.174 

0. 

197. 

-6.9 

-13.6 

14.1 

1.890 

0.283 

2.123 

2.050 

0.566 

0.633 

0.180 

0. 

198. 

-6.6 

-13.9 

14.1 

1.902 

0.285 

2.120 

2„07i 

0.577 

0.644 

0.183 

0. 

204. 

-8.4 

-14.9 

31.2 

1.925 

0.291 

2.083 

2.152 

0.693 

0.695 

0.193 

0. 

209. 

-6.1 

-13.8 

— 

2.042 

0.302 

2.045 

2.097 

0.816 

0,692 

0.196 

4. 

210. 

-7.2 

-14.3 

79.9 

2,057 

0.309 

2.039 

2.071 

0.839 

0.684 

0.195 

4. 

211. 

-7.4 

-13.4 

40.7 

2.057 

0.315 

2.034 

2.041 

0.861 

0.673 

0.194 

0. 

216. 

-7.1 

-13.4 

38.3 

1.870 

0,335 

2.033 

1.823 

0.937 

0.576 

0.184 

4. 

217. 

-7.7 

-14.3 

44.3 

1.791 

0.335 

2.030 

1.767 

0.943 

0.549 

0,180 

4. 

222. 

-7.6 

-14.3 

36.6 ' 

1.435 

0.393 

2,025 

1.431 

0.907 

0.390 

0.152 

0. 

223. 

-8.2 

-15.3 

28.9 

1.510 

0.479 

2,020 

1.352 

0.885 

0.356 

0.145 

0. 

238. 

-4.7 

-12.5 

43.0 

0.416 

0.133 

0.605 

0.000 

0.000 

0.000 

0.000 

1 . 


— CODE EXPLANATION 

0 — NORMAL DATA 

1 — POST-HARVEST 

3 — WINDY DURING DATA ACQUISITION 

4 — RECENT HEAVY RAIN 


l j> it-nm-ii 


CORN FIELD # 9 


-STALK —FRUIT LEAF- 


JULIAN 

SIGMAO 

SIGMAO 

SOIL 

FRESH 

DRY 

CANOPY 

FRESH 

DRY 

FRESH 

DRY 

CODE 

DATE 

W 

VH 

MOIS 

BIOMASS 

HEIGHT 

BIOMASS 

BIOMASS 


140. 

-9 

.3 

-20.2 

34.1 

0.022 

0.004 

0.199 

0.000 

Q. 000 

0,028 

0 

.005 

4. 

142. 

-14 

.0 

-22.8 

21.3 

0.039 

0.007 

0.229 

0.000 

0.000 

0.048 

0 

.008 

0. 

148. 

-13 

.0 

-20.5 

24.4 

0.142 

0.019 

0.408 

0.000 

0.000 

0.137 

0 

.018 

0. 

149. 

-9 

.8 

-17.6 

20.0 

0.198 

0.025 

0.448 

0.000 

0.000 

0.182 

0 

.024 

4. 

155. 

-5 

.2 

-12.6 

37.2 

0.652 

0.069 

0.740 

0.000 

0.000 

0.473 

0 

.050 

4. 

156. 

-5 

.7 

-13.0 

30.8 

0.748 

0.077 

0.794 

0.000 

0.000 

0.519 

0 

.054 

4. 

161. 

-7 

.0 

-13.4 

19.0 

1.300 

0.124 

1.083 

0.000 

0.000 

0.732 

0 

.069 

0. 

163. 

-5 

.7 

-12.8 

38.8 

1.553 

0.145 

1.202 

0 . 000 

0.000 

0.800 

0 

.074 

4. 

167. 

-5 

.9 

-10.9 

34.6 

2.108 

0.196 

1.443 

0.000 

0.000 

0.904 

0 

.084 

4. 

170. 

-5 

.0 

-12.3 

29.8 

2.561 

0.243 

1.621 

0.000 

0.000 

0.947 

0 

.090 

4. 

175. 

-6 

.1 

-11.1 

31.8 

3.360 

0.335 

1.902 

0.000 

0.000 

0.950 

0 

.100 

0. 

176. 

-6 

.7 

-12.5 

33.1 

3.509 

0.355 

1.956 

0.000 

0.000 

0.958 

0 

.105 

0. 

177. 

-7 

.5 

-12.7 

27.0 

3.539 

0.330 

2.008 

0.110 

0.030 

0.966 

0 

.120 

0. 

194. 

-7 

.4 

-13 . 6 

16.0 

3.258 

0.377 

2.647 

2.243 

0.352 

1.110 

0 

.282 

0. 

197. 

-7 

.2 

-14.0 

16.3 

3.208 

0.412 

2.704 

2.400 

0.417 

1.196 

0 

.287 

0. 

198. 

-6 

.8 

-13.1 

12.6 

3.141 

0.425 

2.720 

2.436 

0.439 

1,281 

0 

.288 

0. 

205. 

-7 

.3 

-14.5 

26.4 

2.933 

•0.509 

2.776 

2.514 

y.539 

1.593 

0 

.289 

0. 

209. 

-7 

.5 

-14.7 

36.8 

3.086 

0.553 

2.770 

2.477 

0.674 

1.441 

0 

.286 

4. 

210. 

-7 

.5 

-13.8 

35.6 

3.137 

0.563 

2.765 

2.462 

0.695 

3.379 

0 

.284 

4. 

212. 

-7 

.4 

-13.9 

31.4 

3 .233 

0.578 

2.752 

2.429 

G.736 

1.244 

0 

.281 

0. 

216. 

-7 

.3 

-13.9 

30.7 

3.350 

0.591 

2.710 

2.352 

0.818 

0.980 

0 

.275 

4. 

217. 

-7 

.0 

-14.1 

36.5 

3.364 

0.596 

2.697 

2.331 

0. 838 

0 . 9.21 

0 

.273 

4. 

222. 

-7 

.5 

-15.3 

30.1 

3.281 

0.588 

2.626 

2.227 

0.937 

0.683 

0 

.264 

0. 

223. 

-7 

,4 

-14.5 

31.2 

' 3.233 

0.577 

2.610 

2.206 

0.956 

0.646 

0 

.262 

0. 

226. 

-9 

.0 

-16,1 

— 

3.063 

0.551 

2.565 

2.145 

1.012 

0.552 

0 

.257 

4. 

238. 

-9 

.0 

-15.8 

32.5 

2.258 

0,438 

2.460 

1.924 

1.217 

0.363 

0 

.249 

4. 

242. 

-9 

.2 

-15.3 

30.8 

2.086 

0.457 

2.455 

1.860 

1.276 

0.332 

0 

.244 

0 . 

245. 

-8 

.8 

-14.9 

30.5 

1.948 

0.471 

2.450 

1.815 

1.318 

0.318 

0 

.242 

4. 

247. 

-9 

.1 

-14.7 

28.5 

1.846 

0.480 

2,445 

1.786 

1.343 

0.312 

0 

,240 

0 . 

249. 

-10 

.4 

-16.0 

25.6 

1.746 

0.490 

2.440 

1.759 

1.368 

0,309 

0 

.238 

0 . 

253. 

-4 

.9 

-12.5 

31.0 

0.395 

0.213 

0.470 

0.000 

0.000 

0.000 

0 

.000 

1 . 

256. 

-5 

.5 

-14.7 

27.0 

0.443 

0.261 

0.470 

0.000 

0.000 

0.000 

0 

.000 

1 . 


CODE EXPLANATION 

0 — NORMAL DATA 

1 — POST-HARVEST 

3 — WINDY DURING DATA ACQUISITION 

4 — RECENT HEAVY RAIN 



CORK FIELD # 10 


—STALK— —FRUIT —LEAF— 


JULIAN SIGMAO 

SIGMAO 

SOIL 

FRESH 

DRY 

CANOPY 

FRESH 

DRY 

FRESH 

DRY 

CODE 

DATE 

W 

VH 

MOIS 

BIOMASS 

HEIGHT 

BIOMASS 

BIOMASS 


140. 

-4.3 

-12.7 

34.0 

0.041 

0.008 

0.209 

0.000 

0.000 

0.054 

0.010 

0 . 

142. 

-4.2 

-12.6 

35.1 

0.052 

0.009 

0.296 

0.000 

0.000 

0,064 

0.011 

0 . 

148. 

-8.3 

-13.1 

25.0 

0.321 

0.045 

0.576 

0.000 

0.000 

0.309 

0.044 

4. 

149. 

-8.1 

-13.8 

31.1 

0.392 

0.053 

0.624 

0.000 

0,000 

0.361 

0.049 

0 . 

160. 

-8.1 

-16.5 

35.5 

1.360 

0.137 

1.172 

0.000 

0,000 

0.798 

0.081 

0 . 

163. 

-8.4 

-13.9 

35.4 

1.678 

0.163 

1.320 

0.000 

0.000 

0.864 

0.084 

4. 

167. 

-5.S 

-13.1 

33.9 

2.129 

0.202 

1.510 

0.000 

0.000 

0.913 

0.087 

4. 

169. 

-6.4 

-14.0 

28.8 

2.365 

0.217 

1.602 

0.000 

0.000 

0.920 

0.095 

4. 

170. 

-5.2 

-12.4 

41.7 

2.487 

0.227 

1.647 

0.000 

0.000 

0.920 

0.100 

4. 

194. 

-6.0 

-13.6 

19.8 

2.251 

0.346 

2.462 

2.456 

0.385 

1.621 

0.227 

0 . 

197. 

-7.3 

-14.1 

16.5 

2.203 

0.414 

2.522 

2.582 

0.457 

1.344 

0.242 

0 . 

198. 

-6.3 

-12.9 

11.3 

2.188 

0.426 

2.539 

2.614 

0,485 

1.300 

0.247 

0 . 

202. 

-8.4 

-15.5 

33.3 

2.206 

0,498 

2.599 

2.693 

0.606 

1.265 

0.250 

0 . 

204. 

-7.8 

-15.0 

30.6 

2.237 

0.520 

2.623 

2.710 

0.673 

1.251 

0.257 

0 . 

209. 

-7.4 

-14.0 

73.8 

2.390 

0.571 

.2.665 

2.707 

0.849 

1.194 

0.260 

4. 

210. 

-7.9 

-16.1 

38.1 

2.419 

0.570 

2.671 

2.701 

0.886 

1.170 

0.261 

4. 

211. 

-6.7 

-13.8 

43.2 

2.456 

0.578 

2.675 

2.693 

0.922 

1.143 

0.262 

0 . 

216. 

-7.1 

-12.4 

39.4 

2.592 

0.577 

2.687 

2.637 

1.100 

0.985 

0.268 

4. 

219. 

-6.6 

-13.8 

39.4 

2.619 

0.551 

2.685 

2.593 

1.201 

0.888 

0.273 

4. 

222. 

-6.7 

-14.2 

37.3 

2.603 

0.535 

2.677 

2.542 

1.293 

0.797 

0.278 

0 . 

223. 

-6.0 

-12.8 

30.1 

2.647 

0.532 

2.674 

2.523 

1.322 

0.768 

0.279 

4. 

226. 

-6.8 

-14.3 

37.0 

2.658 

0.529 

2.661 

2.464 

1.398 

0.689 

0.283 

0 . 

236. 

-7.1 

-14.3 

19.3 

2.667 

0.528 

2.608 

2.231 

1.428 

0.486 

0.290 

0 . 

242. 

-8.1 

-14.2 

-- 

‘ 2.687 

0.528 

2.587 

2.195 

1.483 

0.395 

0.284 

0 . 

245. 

-7.5 

-14.2 

36.7 

2.723 

0.528 

2.585 

2.160 

1.490 

0.355 

0.277 

0, 

247. 

-7.9 

-12.6 

— 

2.763 

0.528 

2.585 

2.140 

1.497 

0.330 

0.271 

0 . 

249. 

-8.0 

-14.6 

28.2 

2.665 

0.528 

2.585 

2.105 

1.520 

0.305 

0.263 

0 . 

252. 

-6.5 

-13.1 

34.0 

2.998 

0.528 

2.585 

2.040 

1.517 

0.270 

0.249 

0 . 

258. 

-7.6 

-14.0 

29.7 

3.339 

0.516 

2.585 

1.970 

1.520 

0.208 

0.208 

0 . 

259. 

-7.1 

-13.9 

20.8 

3.484 

0.516 

2.585 

1.920 

1.530 

0.199 

0.199 

0 . 


CODE EXPLANATION 

0 — NORMAL DATA 

1 — POST-HARVEST 

3 — WINDY DURING DATA ACQUISITION 

4 — .RECENT HEAVY RAIN 
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SOYBEAN FIELD tf 1 

— PLANT 


JULIAN 

SIGMAO 

SIGMAO 

SOIL 

DATE 

W 

VH 

MOIS 

141. 

-9.4 

-23.6 

— 

146. 

-10.3 

-24.3 

28.2 

147. 

-8.1 

-17.0 

20.4 

148. 

-8.8 

-17.0 

22.9 

154. 

-6.5 

-14.3 

36.3 

155. 

-6.6 

-14.8 

31.4 

156. 

-10.8 

-19.9 

28.4 

160. 

-11.0 

-19.5 

23.7 

163. 

-8.3 

-15.8 

32.3 

167. 

-5.5 

-16.1 

36.0 

169. 

-6.3 

-15.0 

24.4 

170. 

-3.7 

-12.7 

31.8 

176. 

-8.6 

-15.3 

25-2 

183. 

-5.9 

-11.8 

32.9 

194. 

-6.3 

-12.5 

7.7 

196- 

-6.0 

-12.0 

10.7 

197. 

-5.0 

-12.7 

6.0 

201. 

-6.3 

-11.8 

32.1 

204. 

-5.1 

-11.3 

27.2 

209. 

-8.0 

-16.4 

40.2 

210. 

-7.4 

-16.0 

40.7 

211. 

-6.7 

-13.9 

34.4 

215. 

-8.3 

-14.5 

35.8 

218 . 

-5.9 

-13.8 

43.7 

222. 

-6.2 

-13.0 

34.0 

224. 

-5.7 

-12.6 

30.6 

225. 

-7.2 

-14.1 

46.9 

236. 

-5.3 

-11.4 

14.7 

240. 

-5.9 

-12.8 

32.1 

242. 

-5.2 

-12,4 

27-3 

244. 

-6.3 

-13,0 

— 

246. 

-5.2 

-11.4 

33.1 

251. 

-5 • 6 

-12.1 

31.8 

253. 

-6.3 

-12.0 

28.4 

256. 

-4.9 

-10.7 

26.2 

258. 

-5.8 

-12.4 

23.4 

259. 

-6.9 

-13.0 

24.7 

260. 

-5.9 

-11.6 

16.0 

264. 

-5.4 

-11.5 

14.1 

266. 

-5.9 

-10.5 

13.2 

271. 

-5.0 

-9.7 

26.7 

275. 

-6.5 

-11.2 

23.4 

278. 

-5.4 

-10.6 

32.0 

280. 

-7.2 

-13.2 

26.8 

287. 

-6.5 

-11.7 

39.4 

292. 

-6.8 

-14.0 

30.7 

294. 

-7.6 

-15.5 

27.0 

296. 

-9.6 

-19.7 

— 


FRESH DRY CANOPY CODE 
BIOMASS HEIGHT 


0.046 

0.017 

0.020 

0. 

0.065 

0.019 

0.023 

0. 

0.068 

0.020 

0.023 

0. 

0.072 

0.020 

0.023 

0. 

0.092 

0.020 

0.023 

4. 

0.095 

0.020 

0.028 

4. 

0.099 

0.020 

0.034 

0. 

0.112 

0.020 

0.067 

0. 

0.122 

0.021 

0,102 

4. 

0.136 

0.022 

0.159 

4. 

0.143 

0.022 

0.192 

4. 

0.147 

0.023 

0.208 

4. 

0.178 

0.027 

0.318 

0. 

0.217 

0.034 

0.457 

0. 

0,838 

0.143 

0.672 

0. 

1.091 

0.189 

0.709 

0. 

1.226 

0.215 

0.727 

0. 

1.800 

0.322 

0.795 

4. 

2.262 

0.414 

0.842 

0. 

3.053- 

0.571 

0.912 

4. 

3.212 

0.604 

0.925 

4. 

3.367 

0.633 

0.937 

0. 

3.982 

0.757 

0.980 

0. 

4.418 

0.844 

1.008 

4. 

4.954 

0.951 

1.037 

0, 

5.202 

1.004 

1.049 

0. 

5.316 

1.026 

1.054 

0. 

6.255 

1.239 

1.078 

0. 

6.431 

1.299 

1.075 

0. 

6.487 

1.330 

1.071 

Q. 

6.523 

1.363 

1.066 

4. 

6.538 

1.399 

1.060 

0. 

6.485 

1.498 

1.043 

4. 

6.428 

1.543 

1.035 

0. 

6.304 

1.614 

1.023 

0. 

6.199 

1.668 

1.016 

0, 

6.146 

1.702 

1.012 

0. 

6.076 

1.726 

1.009 

0. 

5.780 

1.855 

0.998 

0. 

4.750 

1.800 

0.994 

0. 

4.095 

1.770 

0.993 

0. 

2.950. 

1.750 

0.993 

4. 

2.350 

1.700 

0.993 

0. 

1.823 

1.650 

0.993 

0. 

1,811 

1.520 

0.993 

4. 

1.774 

1,450 

0.993 

0. 

0.068 

0.065 

0.050 

1 . 

0.100 

0.097 

0.050 

1 . 
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SOYBEAN FIELD # 2 


-PLANT 


JULIAN SIGMAO 

SIQMA0 

SOIL 

FRESH 

DRY 

CANOPY 

CODE 

DATE 

W 

VH 

HOIS 

BIOMASS 

HEIGHT 


141. 

-3.3 

-17.8 

— 

. 0.041 

0.011 

0.010 

0 . 

146. 

-8.7 

-16.7 

27.7 

0.061 

0.016 

0.015 

4. 

147. 

-11,5 

-21.4 

24.4 

0.065 

0.017 

0.020 

0 . 

148. 

-12.0 

-21.2 

26.3 

0.069 

0.018 

0.023 

0 . 

154. 

-8.4 

-18.9 

31.1 

0.093 

0.024 

0.026 

4. 

155. 

-8.8 

-18.9 

29.6 

0.097 

0.025 

0.032 

4. 

156. 

*•13.9 

-22.1 

25.2 

0.097 

0.022 

0.040 

0 . 

160. 

-10.2 

-20.1 

21.3 

0.109 

0.022 

0.080 

0 . 

163. 

-8.5 

-16.5. 

25.2 

0.117 

0.021 

0.120 

4. 

167. 

-7.6 

-14.4 

26.6 

0.130 

0.022 

0.182 

4. 

169. 

-6.8 

-14.2 

24.6 

0.137 

0,023 

0.217 

4. 

170. 

-6.3 

-12.6 

22.3 

0.133 

0.016 

0.236 

4. 

176. 

-6.4 

-12.8 

26.7 

0.219 

0.047 

0.353 

0 . 

183. 

-4.9 

-10.3 

28.0 

0.352 

0.093 

0.502 

0 . 

194. 

-5,8 

-12.5 

8.4 

1.255 

0.282 

0.736 

0 . 

196. 

-5.7 

-12.4 

3.4 

1.272 

0.290 

0.776 

0 . 

197. 

-7.4 

-12.7 

6*7 

1.300- 

0.300 

0.796 

0 . 

201. 

-4.5 

-12.3 

20.8 

1.522 

0.330 

0.873 

4. 

204. 

-6.6 

-13.0 

12.5 

2.023 

0.405 

0.926 

0 . 

209. 

-6.7 

-14.5 

6.6 

2.818 

0.490 

1.008 

0 . 

210. 

-7.4 

-15.0 

28.9 

2.970 

0.505 

1.023 

0 . 

211. 

-5.7 

-13.0 

35.8 

3.114 

0.514 

1.037 

0 . 

215. 

-5.2 

-11 ..8 

30.6 

3.661 

0.553 

1,090 

0 . 

217. 

-5.9 

-13.8 

27.3 

3.910 

0.571 

1.114 

0 . 

219. 

-7.1 

-12.4 

28.0 

4.144 

0.593 

1.135 

4. 

223. 

-6.7 

-12.8 

30.2 

4.564 

0.653 

1.172 

0 . 

225. 

-7.5 

-14.2 

22.7 

4.750 

0.693 

1 . 187 

0 . 

236. 

-5.2 

-11.8 

12.2 

5.493 

1.121 

1.233 

0 . 

240. 

-5.3 

-12.8 

19.4 

5.651 

1.373 

1.234 

0 . 

242. 

-4.7 

-11.1 

16.1 

5.699 

1.510 

1.232 

0 . 

244. 

-5.2 

-11.8 

22.8 

5.737 

1.664 

1.229 

0 . 

246. 

-5.1 

-11.7 

16.9 

5.758 

1.825 

1.224 

0 . 

251. 

-6.4 

-13.1 

54.6 

5.721 

2.243 

1.204 

4. 

256. 

-5.2 

-10.0 

14.5 

5.526 

2.625 

1.178 

0 . 

258. 

-5.8 

-10.9 

16.5 

4.281 

1.640 

1.166 

0 . 

260. 

-6.6 

-11.5 

10.2 

2.500 

1.400 

1.154 

0 . 

264. 

-7.4 

-11.9 

6.4 

1.500 

1.279 

1.128 

0. 

266, 

-9.2 

-13.6 

7.4 

1.330 

1.279 

1.115 

0 . 

271. 

-8.0 

-14.5 

16.4 

1.250' 

1 . 157 

1.084 

0 . 

275. 

-7.9 

-14.7 

15.2 

1.200 

1.140 

1.063 

0 . 

278. 

-7.5 

-14.3 

21.2 

1.190 

1.120 

1.051 

0 . 

280. 

-7.5 

-14.9 

14.4 

1 . 181 

1.103 

1,045 

0 . 

287. 

-6.8 

-14.7 

22.7 

1,179 

1.087 

1.044 

0 . 

292. 

-7.0 

-13.7 

23.1 

1.099 

1.010 

1.044 

0 . 

296. 

-9.4 

-17.5 

20.2 

0.752 

0.667 

1.044 

0 . 
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SOYBEAN FIELD # 3 


PLANT 


JULIAN SIGMAO 

SIGMAO 

SOIL 

FRESH 

DRY 

CANOPY 

CODE 

DATE 

W 

VH 

MOIS 

BIOMASS 

HEIGHT 


141. 

*’6.7 

-21.3 

45.4 

0.024 

0.006 

0.030 

0 * 

146. 

-14.4 

-21,7 

31.2 

' 0.045 

0.012 

0.060 

0* 

147 • 

-16,8 

-24.8 

24.4 

0.047 

0.011 

0.090 

0 . 

148. 

-15.8 

-24.0 

26.8 

0.049 

0.010 

0.100 

0 . 

154. 

-12.4 

-20.3 

33.1 

0 . 140 

0.016 

0.110 

4. 

155. 

-11.3 

-18.8 

29.0 

0.160 

0.018 

0.120 

4. 

156. 

-13.3 

-21.3 

31.0 

0.180 

0.020 

0.130 

0 . 

160. 

-8,. 6 

-16.3 

23.4 

0.240 

0.025 

0.150 

0 . 

163. 

-4.7 

-12.4 

28,4 

0.290 

0.030 

0.160 

4. 

167. 

-6.8 

-11.5 

32.9 

0.360 

0.047 

0.177 

0 . 

169. 

-6.5 

-13.6 

26.5 

0.407 

0.054 

0.245 

0 . 

170. 

-5,2 

-10.7 

27.4 

0.430 

0.065 

0.278 

4. 

176. 

-5.7 

-13.3 

24.9 

0.500 

0.096 

0.453 

0 , 

177. 

-5.9 

-12.5 

24.2 

0.587 

0*106 

0.479 

0 . 

194. 

-5.0 

-12.5 

6,3 

2.029 

0.434 

0.805 

0 . 

196, 

-5.4 

-12.6 

6.0 

2*100 

0.439. 

. 0.830 

0 . 

198. 

-6.4 

-13.5 

7.8 

2.561. 

0.531 

0.853 

0 . 

203. 

~6„5 

-13.7 

30*4 

3.269 

0.644 

0*901 

0 . 

204. 

-6.7 

-13.8 

22.9 

3.528 

0.688 

0.909 

0 . 

209. 

-6.3 

-14.9 

35.1 

4.780 

0.884 

0.942 

4. 

210. 

-6.5 

-14.2 

32.2 

5.022 

0.924 

0.948 

0 . 

211. 

-6.1 

-13.3 

32.0 

5.253 

0.956 

0.953 

0 . 

215. 

-5.4 

-12.4 

30,6 

6.132 

1.092 

0,969 

4. 

218. 

-6.5 

-12.9 

37.9 

6.729 

1.198 

0.978 

4. 

219. 

-7.0 

-13.6 

34.6 

6.909 

1.230 

0.980 

4. 

222. 

-5.7 

-13.0 

34.2 

7.416 

1.342 

0,985 

0 . 

223. 

-7.0 

-13.0 

27.7 

7.573 

1.386 

0.987 

0 . 

225. 

-6.6 

-13.2 

26*3 

7.855 

1.469 

0.989 

0 . 

236. 

-5.3 

-11.9 

14.9 

8.862 

2.118 

0.990 

0 . 

240. 

-5.7 

-11.5 

31.0 

8.992 * 

2.437 

0.988 

0 . 

242. 

-4,3 

-10.5 

23.1 

9.011 

2.613 

0,987 

0 . 

244. 

-6*1 

-12.3 

33.2 

8.987 

2.786 

0,987 

4. 

246. 

-4,8 

-11.9 

29.0 

8.931 

2.965 

0.9S7 

0 . 

251. 

-5.3 

-10.6 

— 

8.667 

3*441 

0.987 

4. 

253. 

-4.1 

—8 . 9 

28.4 

8.481 

3.605 

0.987 

0 . 

256. 

-4-0 

-8.6 

28*4 

4.900 

2.800 

0,987 

0 . 

258. 

-5.0 

-10.9 

29.0 

4.000 

2.000 

0.987 

0 . 

259. 

-5.5 

-10.0 

16.6 

3,511 

1.907 

0.987 

0 . 

261. 

-6.6 

-10.4 

18.0 

2.862, 

1.700 

0.987 

0 . 

264. 

-6,1 

-11.7 

18.2 

2.500 ' 

1.660 

0.987 

0 , 

266. 

-6.7 

-11.6 

15.9 

2.300 

1.630 

0.987 

0 , 

271. 

-7.0 

-11.3 

25.7 

2.000 

1.600 

0.987 

0 . 

275. 

-6.6 

-11.9 

24.1 

1.800 

1,560 

0.987 

0 . 

278. 

-5.3 

-10.5 

28.5 

1.700 

1.530 

0.987 

0 . 

280, 

' -6.2 

-12.0 

20.5 

1.600 

1.500 

0.987 

0 . 


SOYBEAN FIELD # 4 


—PIANO:' 


JULIAN 

SIGMAO 

SIGMAO 

SOIL 

FRESH 

DRY 

CANOPY 

CODE 

DATE 

W 

VH 

HOIS 

BIOMASS 

HEIGHT 


154. 

-9.0 

-19.5 

30.4 

0.077 

0,020 

0.030 

4. 

155. 

-9.9 

-19.8’ 

31.0 

0.075 

0.015 

0.050 

4. 

156. 

-12.0 

-22.7 

26.0 

0.077 

0.014 

0.060 

0 . 

161. 

-15.1 

-22.3 

15.2 

0.093 

0.015 

0.070 

0 . 

163. 

-10.9 

-18.5 

30.8 

0.098 

0.014 

0.080 

4. 

166. 

-10.9 

-18.8 

— 

0.113 

0.020 

0.100 

4. 

167. 

-11.1 

-17.7 

21.2 

0.126 

0.030 

0.110 

4. 

170. 

-7.0 

-14.3 

22.7 

0.141 

0.036 

0,120 

0 . 

175. 

-6.9 

-13.3 

14.9 

0.132 

0.031 

0.135 

0 . 

176. 

-9.3 

-17.6 

17.0 

0.160 

0.037 

0.131 

0 . 

183. 

-5 .5 

-11.3 

25.3 

0.402 

0,087 

0.178 

0 . 

194. 

-4.8 

-12.4 

6.5 

1.055 

0.232 

0.415 

0 . 

196. 

-6.2 

-13.2 

5.8 

1.212 

0.268 

0.469 

0 . 

197. 

-5.6 

-13.2 

5.3 

1.429 

0.316 

0.496 

0 . 

208. 

-6.8 

-15.3 

31.2 

4.241 

0.929 

0.797 

4. 

209. 

-6.2 

-14.9 

27.3 

4.542 

0.990 

0.822 

4. 

210. 

-5.8 

-13.8 

24.3 

4.843' 

1.051 

0.846 

0 . 

212. 

-6.8 

-15.3 

22.0 

5.431 

1.162 

0.894 

0 . 

215. 

-6.3 

-13.5 

25.6 

6.282 

1.313 

0,959 

0 . 

218. 

-6,8 

-13.8 

30.5 

7.073 

1.436 

1.016 

4. 

219. 

,-5.7 

-12.8 

25.0 

7.323 

1.472 

1.033 

4. 

222. 

-6.1 

-13.8 

21.0 

8.011 

1.554 

1.079 

0 . 

226. 

-7.6 

-13, .5 

19.9 

8.793 

1.627 

1.125 

4. 

238. 

-6.3 

-13.6 

25.4 

10.100 

1.707 

1.166 

0 . 

242. 

-5.9 

-11.3 

18.5 

10.211 

1.777 

1.151 

0 . 

245, 

-5.5 

-12.0 

24.8 

10.195 

1.866 

1.133 

0 . 

249. 

-5.6 

-11.7 

16.2 

10.073 

2.075 

1.102 

0 . 

253. 

-5.5 

-10.9 

21.7 

9.818 

2.376 

1.069 

0 . 

256. 

-4.0 

-12.0 

18.2 

9.561 

2.687 

1.044 

0 . 

259. 

-6.7 

-10.9 

11.4 

9.232 

2.700 

1.023 

0 . 

260. 

-6.0 

-11.4 

9.8 

9.099 

2.813 

1.017 

0. 

264. 

-4.8 

-9.7 

7.7 

8.000 

2.989 

1.002 

0 . 

266 . 

-6.3 

-10,5 

9.1 

6.900 

2.900 

1.002 

0 . 

271. 

-6,6 

-10,6 

18.6 

3.351 

2.758 

1.002 . 

0 . 

273. 

-6.7 

-11.8 

15.5 

2.944 

2.745 

1.002 

0 . 

275. 

-7.5 

-12.4 

17.7 

2.768 

2.650 

1.002 

4. 

278. 

-7.1 

-12.8 

22.3 

2.682 

2.562 

1.002 

0 . 

280. 

-10.2 

-17.6 

18.9 

0.067 

. 0.064 

0.050 

1 . 


t 4 

CODE EXPLANATION — 

0 — NORMAL DATA 

1 — POST-HARVEST 

3 — WINDY DURING DATA ACQUISITION 

4 — RECENT HEAVY RAIN 


281 : 


283 


NIVH AAV3H IN2D3H — * 

KomsinDov viva oniMa aonm ~ e 






XSaAHVH-ISOd 

— X 






vxva avKHoa 

— 0 





— ftoiiwv'iaxa aaoo 

* 

\ 


*1 

0£0*0 

1701 *0’ 

201*0 

£*28 

8*81- 

0*6- 

* £22 

'0 

626*0 

228*0 

128*0 

9*172 

6*tl- 

2*9- 

*822 

*0 

826*0 

001*1 

00t7*I 

9*X17 

2*01- 

*‘9- 

*I2Z 

*0 

826*0 

21717* I 

886*1 

£*92 

2*XX- 

2*2- 

*992 

*0 

826*0 

62T *2 

C£0’S 

8* £2 

8*6- 

*’£- 

**92 

*0 

826*0 

1720 * 2 

509*2 

17*22 

**0X- 

6*£~ 

*092 

* *0 

826*0 

000*2 

000** 

2*82 

**6- 

8*£- 

* 6£2 

■o 

1786*0 

2917*1 

929*17 

8*117 

£’0I- 

6“*- 

*2 £2 

*0 

886*0 

1782 ' T 

£89*17 

e*oi7 

8 *21- 

1*9- 

*6*2 

*0 

**6*0 

880*1 

68£** 

8*2+7 

8 * IX - 

8*£- 

* £*2 

•o 

2*6*0 

926*0 

8I£*17 

8*817 

6*6- 

0*S- 

*2*2 

‘0 

0£6*0 

228*0 

888 s * 

9*817 

8*21- 

1*9- 

*882 

*0 

626*0 

1X2*0 

99 9’2 

2*£17 

8‘XX- 

8*9- 

*922 

•o 

026*0 

069*0 

I0£*S 

9* 88 

O'ZI- 

X’9- 

**22 

•* 

268*0 

889*0 

0£0'2 

17*917 

9’SI- 

6*2- 

*6X2 

*0 

818*0 

019*0 

t£8*2 

X’X£ 

*'*2I- 

£*£- 

* 212 

*0 

298*0 

62£*0 

17 179*2 

1*917 

8*21- 

9**- 

' £12 

*0 

988*0 

*2£*0 

028*2 

9*617 

8*81- 

8*£- 

*2X2 

*0 

928*0 

170£*0 

0X2*2 

0*0£ 

2*81- 

6*£- 

*1X2 

** 

£62*0 

T***0 

828*1 

2*29 

2*21- 

***- 

*802 

*0 

192*0 

028*0 

**£*! 

2**8 

8*81- 

6*£- 

*£02 

‘0 

6172-0 

£178*0 

eei7*T 

X*22 

**XI- 

6**- 

**02 

*0 

2S9*0 

921*0 

2X2*0 

2'8X 

£'II- 

6**- 

*261 

*0 

8*9 *o 

17£I*0 

229*0 

8*2X 

**XI- 

£**- 

*961 

*0 

£19*0 

111*0 

2£17*0 

17-EX 

2*11- 

£**- 

**6I 

•0 

9£17*0 

£80*0 

£88*0 

*‘0* 

8*6- 

8**- 

*881 

'0 

998*0 

090*0 

1X8*0 

8**8 

2 *2X- 

Z*II- 

*921 

*v 

908*0 

1170*0 

X£2*0 

0*£* 

£ * II- 

8**- 

*021 

*0 

862*0 

£80*0 

222*0 

9*62 

*° 21- 

8*2- 

*691 

*0 

£82*0 

080*0 

002*0 

0’** 

**8X- 

6*9- 

*29t 

’* 

092*0 

220*0 

221*0 

2’ 8£ 

£*0I- 

0**- 

‘891 

•o 

082*0 

810*0 

££X *0 

2*68 

9*£I“ 

8*2- 

*091 

*0 

002*0 

210*0 

221*0 

8*2* 

8*81- 

9*6- 

*9SI 

** 

061*0 

110*0 

9IX*0 

**0£ 

9*£I- 

8*2- 

*££X 

** 

081*0 

010*0 

£0X *0 

2**17 

2*21- 

9*6- 

’*£! 

*0 

0l7t*0 

£00*0 

££0*0 

6*X8 

8*IZ- 

**ZI- 

*8*1 

*0 

020*0 

1700 *0 

0£0*0 

2*08 

2*12- 

e* 2 t- 

*2*1 

*0 

080*0 

800*0 

XSO'O 


0* 02- 

**2- 

*1*1 


IH0I3H 

SSVH0I8 

SIOH 

HA 

AA 

aiva 

moo 

AdOKVO 

AM 

HS3HI 

nos 

0VK3IS 

OVHOIS 

Nviinr 


— AKVad 


s # cnau uvaazos 


NIVH AAV3H IN33HH — * 

jsoixisiabov viva onihtke xatatt — e 
isaAHVK-isoa — x 
viva awiHON — o 
— KoiiVKViaxa aaoo — 


*1 

050*0 

080*0 

£ 80*0 

6*03 

4 * 91 - 

9 * 01 - 

’*63 

*0 

506*0 

39£*0 

£ 6£‘0 

5**3 

5 * SI ” 

9 * 8 - 

*363 

■* 

506*0 

I ££*0 

83**0 

**££ 

8 * 11 - 

1 * 4 - 

*483 

•o 

S 06*0 

6*£*0 

409*0 

4*33 

8 *£ I - 

0 * 6 - 

*083 

*0 

506*0 

54£*0 

014*0 

**93 

6 * 31 - 

£* 6 - 

*843 

*0 

806*0 

* 0**0 

398*0 

4*03 

9 * 31 “ 

6 * 4 - 

*543 

*0 

616*0 

43**0 

650*1 

9*41 

8 * 01 - 

£* 9 - 

* t 43 

*0 

656*0 

4£**0 

683*1 

6*6 

**n- 

3 * 4 - 

*993 

*0 

8 * 6*0 

6£**0 

945*1 

6*01 

3 * 11 - 

** 9 - 

**93 

*0 

196*0 

6£**0 

86**1 

8**1 

S * T 1 - 

** 9 - 

*193 

*0 

996*0 

0***0 

8 £ S’T 

8*31 

9 * 01 - 

4 * 9 - 

*093 

*0 

1 746*0 

8£**0 

• 119*1 

8*11 

o*xi- 

0 * 9 - 

*853 

'0 

186*0 

6£**0 

189*1 

8*81 

8 * 01 - 

6 **- 

*953 

'0 

£ 66*0 

*£**0 

£ 38*1 

6*03 

1 * 11 - 

3 * 9 - 

*153 

*0 

566*0 

93**0 

616*1 

0*33 

6 * 01 - 

£* 9 ~ 

* 9*3 

** 

£ 66*0 

13**0 

1 * 6*1 

0*53 

9 * 11 - 

1 * 4 - 

***3 

*0 

886*0 

* 1**0 

£ 56*1 

6*91 

4 * 11 - 

8 * 9 - 

* 3*3 

•0 

086*0 

60 * *0 

656*1 

4*03 

4 * 31 - 

6 * 4 - 

* 0*3 

*0 

856*0 

I 6£*0 

SE 6 ‘X 

6*4 

0 * 31 - 

9 * 4 - 

* 9£3 

*0 

0178*0 

9 l £*0 

399*1 

8*51 

0 * 51 - 

3 * 4 - 

*533 

*0 

608*0 

663*0 

185*1 

5*81 

0 ** 1 - 

4 * 9 - 

*£33 

** 

ioro 

6 £ 3’0 

* 83*1 

5*83 

6 * 31 - 

8 * 5 - 

*413 

*0 

099*0 

813*0 

041*1 

9*33 

4 ** 1 - 

8 * 9 - 

*513 

'0 

145*0 

£ 41*0 

£ 36*0 

1*93 

6 *£ I - 

** 9 - 

* 1 X 3 

*0 

4 * 5*0 

091*0 

958*0 

3*93 

1 * 41 - 

e*s- 

*013 

** 

£ 35*0 

6*ro 

064*0 

6*93 

4 ** 1 - 

** 9 “ 

*603 

*0 

* 6£*0 

980*0 

1***0 

6*61 

0 * 91 - 

6 * 9 - 

**03 

*0 

3 I £*0 

£ 90*0 

80£*0 

6*13 

£*ex- 

1 * 4 - 

*103 


IH 0 I 3 H 

ssvwoia 

SIOM 

HA 

AA 

siva 

aaoD 

Z 50 HVO 

zaa 

Hsaaa 

nos 

ovwbxs 

OVHOIS 

Kviaar 


— iNvaa— 


9 # aasia kvshios 


SOYBEAN EIELD # 8 


PLANT— 


JULIAN 

SIGMAO 

SI.GMA0 

SOIL 

ERESH 

DRY 

CANOPY 

CODE 

DATE 

W 

VH 

MGI5 

BIOMASS 

HEIGHT 


203. 

-7.9 

-16.2 

37.3 

0.124 

0.024 

0.211 

4. 

205. 

-9.8 

-17.1 

34.0 

0.148 

0.028 

0.220 

0. 

216. 

-6.2 

-12.4 

■WM* 

0.273 

0.051 

0.351 

4. 

223. 

-6.5 

-12.6 

31.8 

0.416 

0.080 

0.473 

0 . 

224. 

-7.1 

-12.8 

35.2 

0.425 

0.083 

0.492 

0 . 

226. 

-6.8 

-13.0 

— 

0.450 

0.088 

0.528 

0 . 

242. 

-6.3 

-12.3 

30.6 

0.790 

0.159 

0.776 

Q. 

249. 

-5.9 

-12.9 

27 .9 

0.926 

0.181 

0.840 

0 . 

256. 

-4.8 

-11.0 

23.3 

1.011 

0.191 

0.872 

0 . 

259. 

-5.6 

-12.5 

22.1 

1.028 

0.192 

0.876 

0 . 

260. 

-6.4 

-12.7 

19.4 

1.031 

0.193 

0.876 

0 . 

264. 

-5.9 

-11.6 

18.4 

1.032 

0.195 

0.871 

0 . 

266. 

-6.0 

-11.5 

16.7 

1.025 

0.197 

0.866 

0 . 

271. 

-5.8 

-11.3 

27.5 

0.988 

0.204 

0.847 

0 . 

273. 

-4.5 

-9.1 

22.2 

0.966 

0.210 

0.838 

0 . 

275. 

-6.6 

-11.8 

25.7- 

0.939 

0.215 

0.828 

0 . 

280. 

-6.5 

-12-1 

23.6 

0.860- 

0.237 

0.827 

0 . 

294. 

-8.4 

-14.3 

31.5 

0.529 

0.297 

0.822 

0 . 

296, 

-9.4 

-14.9 

33.0 

0.459 

0.288 

.0-822 

0 . 

301. 

-S.2 

-15.2 

31.1 

0.343 

0.277 

0.822 

0 . 

315. 

-7.4 

-15.8 

— 

0.030 

0.027 

0.050 

1 . 


— CODE EXPLANATION 

0 — NORMAL DATA 

1 — POST-HARVEST 

3 — WINDY DURING DATA ACQUISITION 

4 — RECENT HEAVY RAIN 


284 


SOYBEAN FIELD # 9 


PLANT 


JULIAN 

SIGMAO 

SIGMAO 

SOIL 

FRESH 

DRY 

CANOPY 

CODE 

DATE 

W 

'VH 

MOIS 

BIOMASS 

HEIGHT 


205. 

-9.0 

-17.3 

9.3 

0.193 

0.036 

0.332 

0 . 

208. 

-6.8 

-12.1 

30.0 

0.411 

0.080 

0.416 

4. 

210. 

-5 .8 

-14.2 

20.7 

0.585 

0.116 

0.471 

4. 

212. 

-6.4 

-14.4 

18.8 

0.733 

0.147 

0.523 

0 . 

215. 

-7.0 

-13.3 

19.0 

0.912 

0.187 

0.597 

0 . 

218. 

-5.9 

-14.2 

29.1 

1.044 

0.216 

0.666 

4. 

219. 

-6.9 

-14.2 


1.079 

0.224 

0.688 

0 . 

223. 

-6.8 

-12.8 

12.6 

1.175 

0.246 

0,767 

0 . 

224. 

-5.5 

-12.6 

12.1 

1.190 

0.249 

0.785 

0 . 

226. 

-5.5 

-12.3 

17.8 

1.209 

0.253 

0.819 

0 . 

238. 

-6.7 

-13.3 

21.7 

1.131 

0.234 

0.957 

4. 

242. 

-5.6 

-11.3 

18.3 

1.064 

0.222 

0.980 

0 . 

245. 

-5.1 

-11.6 

21.7 

1.009 

0.214 

0.989 

0 . 

249. 

-5.2 

-11.9 

15.4 

0.934 

0,205 

0.993 

0, 

253. 

-5.3 

-11.0 

19.0 

0.863 

0.199 

0.988 

0 . 

256. 

-4.5 

-11.2 

16.7 

0.813 

0.198 

0.980 

0 . 

259. 

-5.6 

-12.3 

15.0 

0.769 

0.200 

0.969 

0 . 

260. 

-5.1 

-12.0 

8.8 

0.755 

0.201 

0.964 

0 . 

264. 

-4.9 

-11.0 

8.5 

0.707 

0.211 

0.946 

0 . 

266. 

-4.8 

-9.8 

5.1 

0,687 

0,218 

0.937 

0 . 

271. 

-4.8 

-10.4 

18.8 

0.647 

0.245 

0.916 

0 . 

273. 

-5.0 

-8.9 

9.7 

0.635 

0.240 

0.910 

0 . 

275. 

-6.6 

-10 .6 

16.5 

0.624 

0.240 

0.906 

0 . 

278. 

-6.1 

-10.6 

19.3 

0.610 

0.230 

0.906 

0 . 

280. 

-7.1 

-12.5 

15.7 

0.601 

0.220 

0.906 

0 . 

287. 

-6.9 

-12.1 

22.9 

0.531 

0.. 190 

0,906 

4. 

292. 

-8.3 

- 16.6 

18.6 

0.198 

0.178 

0.906 

0 . 

294. 

-9.6 

-18.7 

17.1 

0.237 

0.160 

0.906 

0 . 

296. 

-12.0 

-21.3 

14.9 

0.136 

0.133 

0.050 

1 . 


— CODE EXPLANATION — 

0 — NORMAL DATA 

1 — POST-HARVEST 

3 — WINDY DURING DATA ACQUISITION 

4 — RECENT HEAVY RAIN 


SOYBEAN FIELD # 10 


■PLANT— 


JULIAN 

SIGMAO 

SIGMAO 

SOIL 

FRESH 

DRY 

CANOPY 

CODE 

DATE 

4 

W 

VH 

MOIS 

BIOMASS 

HEIGHT 


304. 

-6.8 

-12.7 

18.5 

0.180 

0.035 

0.220 

0 . 

205. 

-8.4 

-13.6 

23.2 

0.200 

0.040 

0.239 

0 . 

208. 

-3.6 

-11.2 


0.240 

0.049 

0.297 

4. 

211. 

“5.9 

-13.5 

27.8 

0.300 

0.052 

0.353 

0 . 

212. 

-6.2 

-13.6 

24.2 

0.300 

0.055 

0.372 

0 . 

216. 

-6.6 

-11,4 

22.5 

0.320 

0.060 

0.444 

0 . 

218. 

-5.7 

-11.3 

27.5 

0.330 

0.063 

0.479 

4. 

219. 

-5.4 

-11.8 

— 

0.340 

0.066 

0.496 

4. 

224. 

-5.9 

-12.0 

20.0 

0.352 

0.069 

0.577 

0 . 

226. 

-5.4 

-12.0 

26.3 

0.364 

0.073 

0.608 

4. 

238. 

-5.7 

-12.4 

— 

0.476 

0.115 

0.764 

4. 

242. 

-5.9 

-11.0 

17.8 

0.522 

0.131 

0.805 

0 . 

245. 

-6.8 

-12.5 

— 

0.555 

0.141 

0.832 

0 . 

249. 

-6.5 

-13.1 

16.3 

0.597 

0.153 

0.863 

0. 

253. 

-7.0 

-11.5 

19.7 

0.632 

0.160 

0.888 

0 . 

259. 

-6.5 

-13.0 

13.4 

0.670 

0.164 

0.916 

0 . 

260. 

-7.0 

-13.1 

13.4 

0.675- 

0.165 

0.919 

0 . 

266. 

-6.0 

-11.7 

13.3 

0.689 

0.164 

0.934 

0 . 

271. 

-6.0 

-11.8 

16.7 

0.685 

0.166 

0.939 

0 . 

273. 

-4. 8 

-10.4 

16.7 

0.680 

0.169 

0.939 

0 . 

275. 

-6.6 

-12.1 

15.1 

0.673 

0.173 

0.939 

4. 

278. 

-5.2 

-10.8 

22.7 

0.660 

0.183 

0.937 

0 . 

280. 

-6.6 

-12.1 

15.2 

0.540 

0.193 

0.935 

0 . 

287. 

-5.2 

-10 .0 

29.3 

0.420 

0.200 

0.927 

4. 

292. 

-7.5 

-12.5 

32.3 

0,350 

0.210 

0.921 

0 . 

294. 

-8.3 

-15.9 

29.3 

0.290 

0.200 

0.920 

0 . 

301. 

-8.6 

-16.1 

21.9 

0.131 

0.129 

0.920 

0 . 


GODE EXPLANATION 

0 — NORMAL DATA 

1 — POST-HARVEST 

3 — WINDY DURING DATA ACQUISITION 

4 — REGENT HEAVY RAIN 
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SOYBEAN FIELD # 11 


PLANT 


JULIAN SIGMAO 

SIGMAO 

SOIL 

FRESH 

DRY 

CANOPY 

CODE 

DATE 

VV 

VH 

MOIS 

BIOMASS 

HEIGHT 


203. 

-8.6 

-17.9 

— 

0.460 

0.060 

0.060 

0 . 

215. 

-6.6 

-13.6 

25.5 

1.076 

0.178 

0.603 

0 . 

217. 

-5.4 

-12.0 

28.2 

1.452 

0.222 

0.665 

4. 

219. 

-6.5 

-14.2 

- — 

1.453 

0.251 

0.723 

0 . 

223. 

-4.6 

-12.9 

12.2 

1.449 

0.287 

0.822 

0 . 

240. 

-6.9 

-12.5 

19.3 

1.317 

0.262 

1.044 

0 . 

242. 

-6.6 

-12.5 

30.2 

1.291 

0.257 

1.052 

0 . 

244/ 

-6.5 

-13.1 

21.4 

1.263 

0.254 

1.057 

0 . 

246. 

-5.0 

-11.4 

17.1 

1.234 

0.253 

1.059 

0 . 

251. 

-6.0 

-12.3 

22.9 

1.153 

0.261 

1*054 

0 . 

256. 

-7.6 

-12.1 

8.2 

1.058 

0.278 

1.038 

0 . 

258. 

-7.5 

-13.3 

6.2 

1.016 

0.288 

1.029 

0 . 

260. 

-7.4 

-14.8 

5.5 

0.971 

0.297 

1.020 

0 . 

261. 

-7.1 

-13.3 

5.3 

0.948 

0.303 

1.015 

0 . 

264. 

-6.2 

-11.2 

4.7 

0.872 

0.314 

1.002 

0 . 

266 . 

-5.6 

-10.8 

3.9 

0.817 

0.319 

0.993 

0 . 

271. 

-5.9 

-11.4 

15.5 

0.662 

0.317 

0.977 

0 . 

275> 

-7.3 

-12.9 

16.5 

0.518 

0.288 

0.974 

0 . 

278. 

-7.6 

-12.0 

25.8 

0.399 

0.246 

0,974 

0 . 

280. 

-8.1 

”12.9 

19.7 

0.318 

0.209 

0.974 

0 . 

287. 

-7.3 

-13.5 

26.1 

0.337 

0.255 

0.974 

4. 

292. 

-8.9 

“15.5 

22.1 

0.296 

'0.258 

0.974 

0 . 

294. 

-10.7 

-17. ,0 

19.3 

0.029 

0.026 

0.050 

1 . 

296. 

-13.7 

-22.5 

— 

0.034 

0.031 

0.050 

1 . 


— - CODE EXPLANATION 

0 — NORMAL DATA 

1 — POST-HARVEST 

3 — WINDY DURING DATA ACQUISITION 

4 — RECENT HEAVY RAIN 


APPENDIX C 

SIMPLIFICATION OF THEORETICAL MODELS 

The backscatternng from agricultural targets has been 
rigorously modeled from the theoretical standpoint in an effort to 
explain experimental results as well as to determine scattering 
sources. These models begin with Maxwell's equations and evolve 
into scattering models using the target's physical properties as 
inputs. In the course of this evolution, it has been necessary to 
make certain assumptions to reduce the mathematics to a 
"reasonable" degree of complexity. As shown below, the resulting 
models are still far too complex for most users, which renders 
them largely ineffective. It is for . this reason that empirical 
models of the full theoretical models based upon numerical results 
are presented. 

The case of microwave backscattering from agricultural 
targets is commonly modeled as a lossy, scattering volume over a 
rough, lossy surface. For this reason It will be necessary to 
treat this case in two steps: (1) the surface component and 

(2) the volume component. In addition, a third component, the 
surf ace -volume interaction component is present and must be dealt 
with as well. 

Surface Models 

Soil-surface conditions in the microwave portion of the 
electromagnetic spectrum meet the requirements of three of the 
theoretical surface scattering models. Below, each is described 
briefly and in the last one, simplification through 
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empirical modeling is presented as well. For a more rigorous 
description as well as a derivation, see Ulaby et al. (1982), 
Chapter 12. In all cases it is assumed that u r = 1, and that only 
incoherent backscattgring is considered, unless otherwise noted. 

Small Perturbation Model 

The requirements for the application of this model are 
(i) that the surface height standard deviation be much smaller 
than the wavelength, i.e., k cr < 0.3, and (ii) that the RMS slope 
of the surface be small, i.e., m < 0.3. Here, k is the wavenumber 
in free space and equals 2ir/x, a is the surface height standard 
deviation, m is the RMS slope of the surface and is defined here 
as /2 ff/L, where L is the surface correlation length. This 
implies that L > 4.71 a. If a Gaussian correlation coefficient of 
the form exp {-s 2 /L 2 ) is assumed, which corresponds to an 
isotropic roughness spectrum, this model predicts backscattering 
of the form 

°pq = 4(kcr) 2 (kL) 2 cos 4 e exp[-(kL sin-e) 2 ]|« -| 2 -, (C.l) 

where p,q' denote received and transmitted polarizations, 
respectively. The incidence angle, relative to nadir is given by 
0, and the a's are as follows 

°hh = (C. 2a) 

sin 2 e - e (l + sin 2 0) 

a - (e - 1) — — ** - — — ■ -r. 

v r cos 8 + {e - sin 2 e)^] 2 



= - * T fi 


( e r - l)tan 2 0_ 


2e 


(C- 2b) 


°vh °W " °* 


(C- 2c) 


where denotes the relative dielectric constant of the soil 
surface, Rj^ and Rj j denote the Fresnel reflection coefficients for 
a plane dielectric surface for perpendicular and parallel 
polarizations, and T| j is the Fresnel transmission coefficient for 
parallel polarization. At the end of this section a simplified 
expression for [otyyj 2 , as well as the original Fresnel reflection 
coefficients will be presented. Further simplification of the 
small perturbation model is not required. 


Kirchhoff Stationary-Phase Approximation 

The remaining two models share the same evolution up to a 
point, after which differing assumptions were made for different 
conditions. The Kirchhoff stationary-phase model has two 
restrictions, namely, that ka > 2 and kL > 6, which implies a 
restriction on the RMS slope of m > 0.47. This model takes the 
form for the backscattering case of 


_ 0 ■ T" m wi 2 » Jt ‘ nW 

PP 2m 2 cos 4 6 


(C.3) 


‘pq * 0 for » 


where p,q denote received and transmitted polarizations, and 


290 


Rpp(O) is the Fresnel reflection coefficient at normal 
incidence. Clearly, o° y and cj^ could be equivalent. Again, 
further simplification is not necessary. 

Kirchhoff-Scalar Approximation 

This model also has certain restrictions that kL >6 and 
m < 0.25, which implies that a < 0.25L. If we assume an 
exponential surface correlation function, e“^ t the expression 
for backscattering is 

Opp = 2|Rpp| 2 cos 20 exp[-4k 2 o 2c os 2 6] 

j f4k 2 c 2 cos 2 e) n n/kL ^ ^ 

n=1 H] ^ + J2_ 1.5 ’ 

(kL) 2 

where R pp is the Fresnel reflection coefficient for pp 
polarization and e is the angle of incidence. Polarization is the 
only factor in the R pp term; therefore, c® = 0 for p*q . 

Clearly, the infinite summation makes the computation 
difficult at best; however, upon close examination it is apparent 
that only the first ten or so terms are significant. Table C.l 
lists the RMS error, maximum and minimum error, and the 
correlation coefficient (r 2 ) as the summation is made up to eight 

i 

terms long. The results are from a data set generated by a 
program that computes o° using many more terms, beyond which 
further terms are insignificant. In establishing the data set, 
the angles were Varied from 5° to 60° in increments of 5° with an 
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additional angle of 1°, the ka term was varied from 0.1 to 0.9 in 
increments of 0.1, and kL took on the values 7, 15, 30, and 60. 

As can be seen in the table, limiting the calculation to the first 
five terms results in an RMS error of only 0.14 dB and a 
correlation of nearly i. The conditions under which the large 
underestimation by the truncated model occurs were investigated 
and it was found that the errors are most significant 
for 5° < 0 < 30°, with the worst case being at 0 - 10°, and that 
these errors are least significant for small ka and kL, i.e., when 
ka and kL are both at the maximum (0.9 and 60} the extreme errors 
appeared. Therefore, as the inputs approach those yielding 
significant errors, it may be desirable to include additional 
terms in the summation, whereas for inputs away from this area, 
few terms are necessary. 

Plots of normalized a 0 versus the various parameters for all 
three models are shown at the end of this appendix along with 
tabulations of theoretical values used in deriving the empirical 
model given above. 

Coherent Backscattering 

So far, all the surface scattering models haye dealt with 
incoherent backscattering. For most cases, this is the only term 
of significance. However, for sufficiently smooth surfaces near 
nadir, a term accounting for coherent backscattering is 
necessary. Because closed-form expressions exist, simplifications 
will not be necessary. Fung and Eom (1983a) presented the 
following model for coherent backscattering for small incidence 


292 


angles* 0: 


°coh< 9 > = 


~ IV (9) ' 2 


1 p 2 

c — — + -§■) 

k 2 R 2 f> 2 4 

0 0 


exp[-4k 2 a 2 - 


e 2 


f 


B 2 


■] 


(G.5) 


k 2 R 2 e 2 4 
0 0 


W V W w 

Here Rpp represents the Fresnel reflection coefficient* k is the 
freespace wave number (2 tt/X), R q is the range to the target along 
the antenna bore sight, and g Q is the one-sided beamwidth of the 
antenna. The surface roughness is characterized by ka and e is 
the incidence angle relative to nadir. 


Fresnel Reflection Coefficients 

The Fresnel reflection coefficient for a wave impinging on a 
plane dielectric surface from free space is denoted by Rpp, where 
pp is the wave polarization. For vertical or parallel 
polarization 


e cose + / e -sin 2 e 
r r 

e r cos e + /e -sin 2 e 


(C.6) 


and for horizontal or perpendicular polarization 



cose - /e -sin 2 e 

cose + -sin 2 e 
r 


(C.7) 


Since e r may be complex, the computation of (R | 2 and |R^| 2 
may be complicated; therefore empirical models were derived. For 
e r complex it may be expressed as - je" and another quantity 
loss tangent may now be defined as tan 6 *-£■'. Hence the 


following model has as parameters 9, s^, and tan 6. For vertical 
polarization, 

i R vv l 2 = 9i( 0 ) * 9 2 ( e P * g 3 (tanfi) (C.8) 


where 

g x (6) = 0.7031 + 1.385 x 1O _3 0 - 1.223 x lO^e 2 (C.9a) 

(e in degrees) 

g 2 (ep = 6.134 x 10' 2 + 3.977 X 10~ 2 (ep - 4.336 x 10’ 4 (ep 2 

(C.9b) 

g 3 (tan5) = 0.7942 + 2.277 x 10~ 2 (tan6) + 0.2014 (tanfi) 2 . (C.9c) 

The product of g^, g 2 , and g 3 is the magnitude of the Fresnel 
reflection coefficient squared, for vertical polarization. The 
RMS difference error is 0.02 and r 2 is 0.98* 

For horizontal polarization 

l R hh ! 2e h 1 (e) • h £ (ep • h 3 (tanS), where (C- 10) 

h x (0) * 0,6613 - 5.707 x 10 -If e + 9.307 x 10“ s e* (C.lla) 

( & i n degrees ) 

tu(E') = 0.2532 + 3.803 x 10" 2 (eM - 4.525 x Kf^e 1 ) 2 (C.llb) 
Lm l r p 
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h 3 {tan6) = 0.7475 + 1.653 x 10' 2 {tan5) + 0.1291 (tan$) 2 . 

(C. 11c) 

The product of h^, h 2 , and h 3 is the magnitude of the Fresnel 
reflection coefficient squared for horizontal polarization, the 
RMS difference error is 0.03 and r 2 is 0.96. 

A similar model was derived for l^yyl 2 for use in the small 
perturbation model. This empirical model has the form 

|“ vv ! 2 s M 0 ) * b l^ E P + b 2( tan5 )* (C.12) 

where 

bjfe) =0.6642 - 2.959 x 10” 3 e 2 + 8.874 x 10“ 5 e 3 (C.13a) 

(0 in degrees) 

b 2 (e^) - 2.988 x 10"* + 7.790 X 10" 2 (^) - 7.259 X 10”*(ep 2 

(C*13b) 

b 3 (tan«) = 0.8224 + 2.521 x 10“ 2 (tanfi) + 0.2630 (tan6) 2 . 

(C* 13c) 

The product of bj_, b 2 , and b 3 is an estimate of |“ vv [ 2 with 
an RMS difference error of 0.53 and an r 2 of 0.98. 

In deriving all three models, the ranges on 6, e', and tanfi 

< i 

are 0 < 0 < 60°; 5 < e£ < 45; 0 < tanfi < 0.6. 

Volume Backscattering Model 

In Chapter 13 of Ulaby et al. (1984) the case of scattering 
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by a lossy-scattering volume over a surface Is treated, and a 
soiution via the radiative transfer approach Is given. When 
applied to a volume having no definable upper surface, as Is the 
case with a vegetation canopy, this theoretical model takes the 
form of a matrix equation 


“pq^SK’ “V ♦s • *> = + S ' ms1n 


+ lo^ m - S T0^ cos m (V ♦) + ( D " m_ s tq) s,in $0 1 


+ ErEt 


{C. 14) 


where S, D, E, and r represent matrices. The exact definition and 
derivation of each term will not be included here; therefore, 
interested readers are referred to Eom and Fung (1983b). 
Essentially, the first summation represents the diffuse volume 
scattering, while the second summation represents the diffuse 
volume-surface interaction. The last term (ETE) represents direct 
surface scattering. 

Hence, the above equation may be rewritten in terms of 
individual components as 


ct° ° +a ° + o 

total ” 'surface volume .interaction * 


(C. 15) 


The volume is assumed to have no upper boundary, i.e., 

e yo i =1, and is characterized by only its optical depth, t, and 

its albedo, «. For a given surface (ko, kL, e ■, tanfi) the 


contribution to the total is easily computed as 


Surface (kc,kL,e r^ an5; 0,T ^ = Wface (ka,kL,e r ,tan6; 0 >°)/ l2 ( 0 > t ) 

(C.16) 


where L 2 represents the round-trip loss through the canopy at an 
angle of & and is written as 

L 2 (6,t) = exp(2r/cos0). (C- 17) 

The Volume tei * m ls ^ ess simple. If we assume that losses due to 
scattering and absorption are polarization-independent, and that 
all scattering within the volume behaves in a Rayleigh phase 
manner, and if we ignore all but single scattering, the following 
equation is obtained: 

0 

°pp " 0* 75 w [l-exp(-2T/cose)3 cose 

and (C- 18) 

= 0 for p*q, p,q are V and h. 

rH 

However, the full theoretical model does not restrict itself to 

single scattering cases. This, it turns out, has a small impact 

« 

on pp polarizations and a major impact on pq polarizations, i.e., 
a n n (P^q) is -no" longer zero. 

rH 

'The single scattering form of a° p was used in deriving an 
empirical model with the following results: 


(C* 19) 


°vv " °hh ° °- 742 “ U + 0.536mr . 0.237 (wt) 2 ) 


and 


[1 - exp(~2.119T sec 9)] cose 


°vh " u (°' 0438cot “ 0* 0175 ( Jiii) 2 + 0.006085 (cox) 3) 


[1 - exp (-11.727t sec9)] cose. (C.20) 


The RMS errors were found to be 0.174 dB for like polarization 
{vv, hh) and 2.17 dB for cross polarization (vh). The correlation 
coefficient associated with each model are for like polarization 
r 2 = 0.9994 and for cross polarization r 2 = 0.9744. 

The ranges of the input parameters used in deriving these 
empirical models are as follows: 8.4° < e c 84.5°; 

0.1 < t < 2.2; 0.01 < to < 0.5. As a note, the peculiar selection 
of angles at which o° is evaluated in the theoretical model is a 
result of integration by Gaussian quadrature, which reduces the 
required processing considerably. 


Surface-Volume Interaction Model 

The surface-volume interaction backscattering is also 
computed using Eq* (C.14). As a simple first-order approximation, 

4 

the following model has been proposed as an estimate 

c int < e > = 2o vol« 0 ’ ! R ppW Ze ' T/C0S9 > i*a) 
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where a vol (e) is the volume backscattering coefficient, R p p ( 0) is 
the Fresnel reflection coefficient at polarization pp and 
incidence angle 0. One factor not accounted for in this simple 
approach is surface roughness. If we assume that the surface 
portion of the interaction component is dominated by forward or 
specular scattering, then we may model the roughness dependence as 
for coherent backscattering, i.e., with an exp[-{ka) 2 cose] 
dependence. Incorporating this dependence into Eq. (C.21) as well 
as a model of the form of Eq. (C.19) to represent aVj , we have a 
basis for <r? nt> 

Prior to optimization of the free model parameters to obtain 
a "best fit," an investigation into the significance of a? nt 
in , Eq. (C. 15) , was made. For the ranges of 0, t, to, and kcr 
used in obtaining these empirical models, the difference in 

“?ot and < 0 , + “surface* i * e '> “tot "fleeting „° nt for VV 
polarization rarely exceeds 1 dB, whereas for HH polarization the 

difference frequently exceeds 3 dB. For VH polarization. 


a int usua ^y dominates Therefore it was decided that 


tot 


an 


empirical model for In VV polarization is not necessary. For 
the remaining polarizations (HH and VH) the model was optimized, 
and the results are shown below. 


= 1.924 io[l + 0.924 wt + 0.398(wt) 2 ] 

[l - exp(-1.925x sec0)j exp(-1.372T^’^sec6) 
exp[-Q.836(ka) 2 cos0] [R^f 2 cos0 (C- 22) 

♦ 

oJ H = 0.01284 w[ 1 + 7. 848 wt + 7.896(<ot) 2 ] 
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(C* 23) 


[l - exp(-6.915x sec©)] exp(~l.O24x‘‘' 88 sec0) 
exp(2.892(kcr) 2 cose) V 2 C [R yv I * + |R hh P3 cos© 

The RMS errors were found to be 0.233 dB and 1.247 dB for HH and 
VH polarizations, respectively* while the correlation coefficients 
(r 2 ) were found to be 0.9989 and 0.9775. 

The ranges of the input parameters used in deriving these 
empirical models are as follows: 8.4° < © < 62.7°; 

0.1 < x < 2.2; 0.01 < as < 0.5; and 0.1 < ktr s 0.9. The other 

necessary input parameters were set to constant values of 
e * 15 and kL = 7. The upper limit on © was lowered to 62.7° in 
order to improve the model fits. 
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Summary of the Empirical Models 
Fresnel Reflectivity jR pp | 2 

l R v V i 2 = 9 1 (0) * g 2 (c r } * Qj (’tan 5) 
where 

g 1 (0) = 0.7031 + 1.385 x 10 -3 e - 1.223 x 10" 4 e 2 (9 in degrees) 
9^(0 = 6,134 X 10‘ 2 + 3.977 x 10" 2 (e«) - 4.336 x 10“ 4 (e') 2 

t* 1 1 r 

g 3 (tan6) = 0.7942 + 2.277 x 10” z (tanS) + 0.2014 (tans) 2 
RMS Error = 0.02 r 2 = 0.9808, N = 245 
[R vv I 2 = 0.961 • }R VV ! 2 + 0.0144, standard error = 0.02 
Range of validity: 0 < 0 < 60°; 5 < e' < 45; 0 < tans < 0.6 

|Error|m ax » 0.059 

i R hhI 2 s h l^ e ) * ‘ h 3( tanS ) 

where 

h 1 (e) = 0.6613 - 5.707 x 10“ 4 e + 9,307 x 10 _5 e 2 {e in degrees) 
h 2 (ep « 0.2532 + 3.803 x 10“ 2 (e^) - 4.525 x 10" 4 (e^) 2 
h 3 (tanS) = 0.7475 + 1.653 x 10' 2 (tan6) + 0.1291 (tans) 2 
RMS Error = 0.03 r 2 = 0.9647, N = 245 
JR^] 2 = 0.946 |R hh | 2 + 0.0274, standard error ® 0.03 
Range of validity: 0 < 0 < 60°; 5 < e* < 45; 0 < tanS < 0.6 



2 



K v l 2 * b i(°> * b 2 ( e P ’ b 3 (tan5) 
where 

b 1 (e) = 0.6642 - 2.959 x 1O~ 3 0 2 + 8.874 x 10" 5 e 3 (e in degrees) 

M e P = 2,988 x lifli + 7,790 x 10 ’ 2 ( e ^ “ 7,259 x 10 " 4 ( e P 2 

i> 3 (tan«) = 0.8224 + 2.521 x 10" 2 (tan6) + 0.2630 (tanS) 2 
RMS Error = 0.53, r 2 = 0.9840, N = 245 
I a vv 1 2 = 0,983 l“ vv ! 2 + 0,015 » stand£, rd error = 0.52 
Range of validity: 0 < 0 < 60°; 5 < ej, < 45; 0 < tan 6 < 0.6 

j Error | = 1.641 {occurs for large 0 and large ep 

Volume Backscattering: 

a vv = a hh = 0,742 + O- 536 ^ 7 ) “ 0»237 (wt) 2 ] 

[l-exp(-2.119T sec0)] cose 

RMS Error = 0.174 dB, r 2 = 0.9994, N = 416 

oJL = 0.991 c° -0.110 dB, standard error = 0.164 dB 
PP PP 

Range of validity: 8.4° < 6 < 84.5°; 0.1 < t < 2.2; 

0.01 < w < 0.5 
j Error | max = 0.64 dB 

a° H = <o[D.0438(wt) - 0.0175(wt) 2 + 0. 006085 (ur) 3 ] 

[1 - exp (-11.727 t sec0)] cose 
RMS Error = 2.17 dB, r 2 = 0.9744, N = 416 

= 0.927 0 °^ - 2.513 dB, standard error = 1.957 dB 
Range of validity: 8.4° < e < 84.5°; 0.1 < t < 2.2; 
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0.01 < to < 0.5 

|Error| max = 8.69 dB (occurs when 0 is large, t is large) 

Surface-Volume Interaction: a? nt 

o° h = 1.924 w[l + 0.924(ux) + 0.398 (wx) 2 ] 

[1 - exp(-1.925x S ec0)] exp(-1.372 x^^sec©) 
expC“0.836{ko) 2 cose] |R^| 2 cos6 » 

RMS Error = 0.233 dB r 2 * 0.9989, N « 3 66 
°hh = ^hh “°' 09 91 dB, standard error = 0.232 dB 

Range of validity: 8.4° < 6 < 62.7°; 0.1 < x < 2.2; 

0.01 < « < 0.5; 0.1 < ktr < 0.9, kL = 7 

(Error] max = 2.08 dB (|Error| exceeds 1 dB only when 0 = 62.5 
and t >1.9) 

cj h * 0.01284 io[l + 7.848(ut) + 7.896(o3t) 2 ] 

[1 - exp(-6.915x sece)] exp(-l.O24x 1 *^sec0) 

exp[2.892(kcf) 2 cos03 V 2 [(R vv ! 2 + |R hh ( 2 ] cos 0 
RMS Error * 1.247 dB, r 2 = 0.9775, N = 366 
o° h = 0.9763 oJ h - 0.7592 dB, standard error = 1.235 dB 
Range of validity: 8.4° < 0 < 62.7°; 0.1 < t < 2.2; 

0.01 < w < 0.5; 0.1 < ka < 0.9; kL = 7 
] Error j max - 5.22 dB {occur at both 0 = 8.4° and e = 62.5°, 
x > 1.6) 
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Table C.l 

Kirchhoff Scalar Approximation 
Exponential Correlation Function: 


°pp = 2 l R ppI 2 cos20 exp[-4(kcf) 2 cos 2 0] 


4(kal 2 cos 2 el n 


n/kL 



N-J. 1 

[4 sin 2 e + 

n*- 11.0 

(kL) 2 


Comparison of truncated 

model with full model (M 


RMS 

MAX 

MIN 


error 

error 

error 

M 

ML. 

(dB) ' 

idB) 

1 

4.493 

-0.02 

-13.37 

2 

1.904 

0.02 

-7.24 

3 

0.835 

0.02 

-3.87 

4 

0.356 

0.02 

-1.97 

5 

0.144 

0.02 

-0.93 

6 

0.054 

0.02 

-0.40 

7 

0.019 

0.02 

-0.15 

8 

Range 

0.008 

of Values 

0.02 

-0.05 


1° < e < 

60° 

N = 468 

0.1 < be 

<0.9 

error 

7 < kL < 

o'. 




The following is a tabulation of 

(1) The normalized o° (dB) computed using the Kirchhoff- 
Scalar Approximation model for 9 values of kcr (0.1 to 0.9) and 4 
values of kL (7,15,30,60), To get o° v or in decibels simply 
add the appropriate Fresnel reflectivity (|Rpp| 2 )» expressed in 
dB. 

(2) The computed cr° (dB) from a volume bounded by a rough (kcr 

= 0.5„ kL ~ 7, e = 15-jO) surface on the bottom for various 
optical depths t (0.1, 0.2, 0.4, 0.6, 0.8, 1.2, 1.6, 1.9, 2.2) and 
albedos w (0.01, 0.1, 0.2, 0.3, 0.4, 0.5), and incident angles e 
(8.4, 19.2, 30.0, 40.9, 51.8, 62,7, 73.6, 84.5°). The total 
backscattering (a 0 ) for a given e, and polarization is the 

sum of three components: volume, interaction, and surface. Note 
that before summation, these values must first be returned to real 
(m 2 m” 2 ) values. Also note that there is no surface term for 
cross-polarization values, i.e., cr^ = c£ v = 0 for the surface 
component. 

(3) The computed cr°(dB ) from a volume (albedo = 0.2, optical 
depth = 0.2) bounded by a rough surface on the bottom with a fixed 
correlation length (kL = 7) and various surface RMS heights, 
ka(0.1 to 0.9). Total backscattering is found as described in (2) 
above. 
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ksigma =0.1 


NORMALIZED SIGMAO 


INCIDENCE SURFACE BACKSCATTER IN DECIBELS 


ANGLE 

kL= 7 

lcL=15 

kL=30 

kL=60 

1 

5.42 

10.82 

13.62 

13.54 

5 

-0.20 

-0.98 

-3.30 

-6.13 

10 

. -7.00 

-9.48 

-12.29 

-15.26 

15 

-11.57 

-14,88 

-17.79 

-20.78 

20 

-15.86 

-18.93 

-21.90 

-24*87 

25 

-19.13 

-22.29 

-25.27 

-28.27 

30 

-22.06 

-25,26 

-28.25 

-31.24 

35 

-24.78 

-28.00 

-30.99 

-34.02 

40 

-27.41 

-30,65 

-33.66 

-36.66 

45 

-30.03 

-33.26 

-36.28 

-39.29 

50 

-32.73 

-35.98 

-38.99 

-41.98 

55 

-35.56 

-38.83 

-41.83 

-44.84 

60 

-38.68 

-41.94 

-44.94 

-47.95 


ksigma = 0 

.2 

NORMALIZED 

SIGMAO 


INCIDENCE 

SURFACE BACKSCATTER IN DECIBELS 

ANGLE 

kl= 7 

kL=15 

kL=30 

kL=60 

1 

10.97 

16.41 

19.26 

19.30 

5 

5.47 

4.82 

2.64 

-0.12 

10 

-1.19 

-3.52 

-6.29 

-9.23 

15 

-6.07 

-8.89 

-11.79 

-14.76 

20 

-9.91 

-12.92 

-15.87 

-18.87 

25 

-13.18 

-16.29 

-19.25 

-22.25 

30 

-16.07 

-19.25 

-22.23 

-25.23 

35 

-18.79 

-21.99 

-24.98 

-27.98 

40 

-21.40 

-24.63 

-27.62 

-30.63 

45 

-24.02 

-27.26 

-30.25 

-33.26 

50 

-26.71 

-29.96 

-32.96 

-35.97 

55 

-29.54 

-32.81 

-35.81 

-38.81 

60 

-32.65 

-35.92 

-38.92 

-41.93 


ksigma =• 0 

,3 

NORMALIZED SIGMAO 


INCIDENCE 

SURFACE BACKSCATTER IN DECIBELS 

ANGLE 

kL= 7 

kL=15 

kL=30 

kL=60 

1 

13.75 

19.21 

22.15 

22.41 

5 

8.39 

8.01. 

6.04 

3.36 

10 

1.97 

-0. 14 

-2.81 

-5.73 

15 

-2.75 

-5.42 

-8.28 

-11.24 

20 

-6.52 

-9.44 

-12.36 

-15.35 

25 

-9.73 

-12.79 

-15.74 

-18.73 

30 

-12.61 

-15.74 

-18.71 

-21.72 

35 

-15.30 

-18.48 

-21.45 

-24.46 

40 

-17.91 

-21.12 

-24.11 

-27.11 

45 

-20.51 

-23.75 

-26.74 

-29.74 

50 

-23.19 

-26,44 

-29.44 

-32.44 

55 

-26.03 

-29.29 

-32.29 

-35.29 

60 

-29.14 

-32.40 

-35.40 

-38.39 
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ksigma = 0 

.4 

NORMALIZED 

SIGMAO 


INCIDENCE 

SURFACE BACKS CATTER IN DECIBELS 

ANGLE 

kL= 7 

kL=15 

kL=30 

fcL=60 

1 

15.20 

20.71 

23.76 

24.31 

5 

10.07 

10.03 

8.34 

5.81 

10 

3.97 

2.17 

-0.37 

-3.25 

15 

-0.57 

-3.02 

-5.81 

-8.75 

20 

-4.22 

-7.00 

-9.88 

-12.84 

25 

-7.37 

-10.32 

-13.24 

-16.23 

30 

-10,20 

-13.28 

-16.22 

-19.22 

35 

-12.88 

-16.00 

-18.97 

-21.97 

40 

-15.45 

-18.63 

-21.62 

-24.61 

45 

-18.04 

-21.25 

-24.24 

-27.25 

50 

-20.73 

-23.95 

-26.94 

-29.94 

55 

-23.55 

-26.80 

-29.78 

-32.80 

60 

-26.65 

-29.89 

-32.90 

-35.91 


ksigma = 0 

.5 

NORMALIZED 

SIGMAO 


INCIDENCE 

SURFACE BACKSCATTER IN DECIBELS 

ANGLE 

kL= 7 

kL=15 

kL=30 

kL=60 

1 

15.83 

21.38 

24.59 

25.49 

5 

10.96 

11.35 

10.00 

7.64 

10 

5.27 

3.84 

1.48 

-1.33 

15 

0.96 

-1.22 

-3.92 

-6.83 

20 

-2.54 

-5.14 

-7.96 

-10.92 

25 

-5-61 

-8.43 

-11.32 

-14.30 

30 

-8.39 

-11.36 

-14.29 

-17.28 

35 

-11.01 

-14.06 

-17.03 

-20.04 

40 

-13.58 

-16.71 

-19.68 

-22.66 

45 

-16.15 

-19.32 

-22.30 

-25.31 

50 

-18.81 

-22.01 

-25.00 

-28.01 

55 

-21.63 

-24.86 

-27.85 

-30.86 

60 

-24.72 

-27.97 

-30.97 

-33.97 


ksigma' = 0 

.6 

NORMALIZED 

SIGMAO 


INCIDENCE 

SURFACE BACKSCATTER IN DECIBELS 

ANGLE 

kL= 7 

kL-15 

kL=30 

kL=60 

1 

15 - 80 

21.42 

24.84 

26 . 14 

5 

11.29 

12.16 

11.23 

9.11 

10 

6.03 

5.07 

2.95 

0.22 

15 

2.02 

0.18 

-2.37 

-5.26 

20 

-1.32 

-3 . 66 

-6.41 

-9.35 

25 

-4,26 

-6.91 

-9.76 

-12.72 

30 

-6.97 

-9.82 

-12.72 

-15.70 

35 

-9.54 

-12.52 

-15 .46 

-18,44 

40 

-12.07 

-15.14 

-18.10 

-21.10 

45 

-14.62 

-17.76 

-20.73 

-23.73 

50 

-17.27 

-20.44 

-23.42 

-26.42 

55 

-20.07 

-23.28 

-26.27 

-29.27 

60 

-23 . 15 

-26.38 

-29.38 

-32.39 
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NORMALIZED SIGMAO 


INCIDENCE SURFACE BACKSCATTER IN DECIBELS 

60 
38 
29 
52 
95 
02 
38 
37 
11 
77 
40 
09 
94 
05 


kL= 7 

k 

15-31 

2 1 

11.17 

l; 

6.42 


2.73 


-0.41 


-3.21 

. - 

-5.84 


-8.36 

“i 

10.84 

-I: 

13.34 

-1 

15.98 

-1 

18.77 

-2 

21.83 

“21 


ksigma =0.8 


NORMALIZED SIGMAO 


INCIDENCE 


INGLE 

kL= 7 

kL 

1 

14.38 

20 

5 

10.69 

12 

10 

6.48 

6 

15 

3.14 

2 

20 

0.22 

-I 

25 

-2.44 

-4 

30 

-4.94 

-7 

35 

-7.38 

-10 

40 

-9.80 

-12 

45 

-12.30 

-15 

50 

-14.87 

-17 

55 

-17.65 

-20 

60 

-20.70 

-23 


SURFACE BACKSCATTER IN DECIBELS 

60 
29 
24 
62 
80 
87 
23 
21 
95 
59 
22 
93 
79 
89 


ksigma =0.9 


NORMALIZED SIGMAO 


INCIDENCE 
NGLE 
1 
5 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 


SURFACE BACKSCATTER IN DECIBELS 



FOR AIL CASES: SURFACE DIELECTRIC * 15 - jO, ksigma = 0.5, kl = 7 

BACKSCATTER COMPONENTS IN DECIBELS 


ANGLE 




•VOLUME 

---INTERACTION — 

—SURFACE— 

(DEG) TAU ALBEDO 

w 

HH VH 

W I VH 

W HH 

8,4 

0.1 

0.01 

-28.7 

-28.7 -65.5 

-31.4 -31.1 -41.6 

1.4 1.5 

19.2 

0.1 

0.01 

-28.7 

-28.7 -65.7 

-32.9 -30.6 -43.9 

-7.8 -7.3 

30.0 

0.1 

0.01 

-28.7 

-28.7 -66.2 

--35.9 -30.2 -44.9 

-14.7 -13,4 

40.9 

0.1 

0.01 

-28.8 

-28.8 -66.8 

-40.7 -29.7 -45.5 

-21.3 -18.7 

51.8 

0.1 

0.01 

-28.9 

-28.9 -67.7 

-42.9 -29.1 -46.4 

-28.8 -24.1 

62.7 

0.1 

0.01 

-29.1 

-29.1 -68.7 

-42.4 -28.7 -48.4 

-39.2 -30.6 

73.6 

0.1 

0.01 

-29.7 

-29.7 -69.9 

-52.8 -28.8 -51.9 

-63.6 -40.4 

84.5 

0.1 

0.01 

-32.0 

-32.0 -72.9 

-41.3 -34.0 -59.8 

-71.4 -64.9 


ANGLE 

(DEG) 

TAU ALBEDO 

w 

BACKSCATTER COMPONENTS IN DECIBELS 

■VOLUME —INTERACTION SURFACE— 

HH VH W HH VH W HH 

8.4 

0.1 

0.10 

-18.6 

-18.6 -45.4 -21.3 -20.9 -31.3 

1.4 1.5 

19.2 

0.1 

0.10 

-18.6 

-18.6 -45.7 -22.8 -20.5 -33.5 

-7.8 -7.3 

30.0 

0.1 

0.10 

-18.7 

-18.7 -46.1 -25.8 -20.1 -34.4 

-14.7 -13.4 

40.9 

0.1 

0.10 

-18.7 

-18.8 -46.8 -30.5 -19.5 -35.0 

-21.3 -18.7 

51.8 

0.1 

0.10 

-18.9 

-18.9 -47.6 -32.6 -19.0 -36.0 

-28.8 -24.1 

62.7 

0.1 

0.10 

-19.1 

-19.1 -48.5' -3.2.2 -18.6 -37.9 

-39.2 -30.6 

73.6 

0.1 

0.10 

-19.6 

-19.6 -49.8 -41.8 -18.7 -41.3 

-63.6 -40.4 

84.5 

0.1 

0. 10 

-21,9 

-22.0 -52.8 -31.1 -23.9 -48.6 

-71.4 -64.9 


ANGLE 

(DEG) TAU ALBEDO 

w 

BACKSCATTER COMPONENTS IN DECIBELS 

-VOLUME-- INTERACTION —SURFACE— 

HH VH W HH VH W HH 

8.4 

0.1 

0.20 

-15.6 

-15.6 -39.3 

-18.2 -17.8 -28.0 

1*4 1.5 

19.2 

0.1 

0.20 

-15.6 

-15.6 -39.5 

-19.7 -17.4 -30.0 

-7.8 -7.3 

30.0 

0.1 

0.20 

-15.6 

-15.6 -40.0 

-22.7 -17.0 -30.9 

-14.7-13.4 

40.9 

0.1 

0.20 

-15.7 

-15.7 -40.6 

-27.3 -16.5 -31.5 

-21.3 -18.7 

51.8 

0.1 

0.20 

-15.8 

-15.8 -41.4 

-29.2 -15.9 -32.5 

-28.8 -24.1 

62.7 

0.1 

0.20 

-16.0 

-16.1 -42.4 

-28.9 -15.5 -34.4 

-39.2 -30.6 

73.6 

0.1 

0.20 

-16.5 

-16.6 -43.6 

-37.9 -15.6 -37.6 

-63.6 -40.4 

84.5 

0.1 

0.20 

-18.9 

-18.9 -46.7 

-28.0 -20.8 -44.5 

-71.4 -64.9 





BACKSCATTER COMPONENTS IN DECIBELS 

ANGLE 



VOLUME 

—INTERACTION 

—SURFACE— 

(DEG) 

TAU ALBEDO 

W HH VH 

W HH VH 

W HH 

8.4 

0.1 

0.30 

-13.8 -13.8 -35.7 

-16.4 -16.0 -25.9 

1.4 1.5 

19.2 

0.1 

0.30 

-13.8 -13.8 -35.9 

-17.8 -15.6 -27.8 

-7.8 -7.3 

30.0 

0.1 

0.30 

-13,8 -13,8 -36.4 

-20.8 -15.1 -28.7 

-14.7 -13.4 

40.9 

0.1 

0.30 

-13.9 -13.9 -37.0 

-25.2 -14.6 -29.3 

-21.3 -18.7 

51.8 

0.1 

0.30 

-14.0 -14.0 -37.8 

-27.2 -14.1 -30.3 

-28.8 -24.1 

62.7 

0.1 

0.30 

-14.2 -14.3 -38.8 

-27.0 -13.7 -32.2 

-39.2 -30.6 

73.6 

0.1 

0.30' 

-14.7 -14.8 -40.0 

-35.3-13.8 -35.3 

-63.6 -40,4 

84.5 

0.1 

0.30 

-17.0 -17.1 -43.0 

-26.1 -19.0 -41.7 

-71.4 -64.9 
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FOR AIL CASES : SURFACE DIELECTRIC = 15 - jO, ksigma = 0.5, kL = 7 


BACKSCATTER COMPONENTS IN DECIBELS 


ANGLE 
(DEG) TAU 

ALBEDO 


-VOLUME 

“—INTERACTION 

—SURFACE— 

W 

HH VH 

W HH VH 

W 

HH 

8.4 

0.1 

0.40 

-12,5 

-12.5 -33.1 

-15.0 -14.6 -24.4 

1.4 

1.5 

19.2 

0,1 

0.40 

-12.5 

-12.5 -33.3 

-16.4 -14.2 -26.1 

-7.8 

-7.3 

30.0 

0.1 

0.40 

-12.5 

-12.5 -33.8 

-19.4 -13.8 -27.0 

-14.7 -13.4 

40.9 

0.1 

0.40 

-12.6 

-12.6 -34.4 

-23.7 -13.3 -27.6 

-21.3 -18.7 

51.8 

0.1 

0.40 

-12.7 

-12.7 -35.2 

-25.6 -12.8 -28.6 

-28.8 -24.1 

62.7 

0.1 

0.40 

-12.9 

-13.0 -36.2 

-25.5 -12.3 -30.5 

-39.2 -30.6 

73.6 

0.1 

0.40 

-13.4 

-13.5 -37.4 

-33.3 -12.4 -33.5 

-63.6 -40.4 

84.5 

0.1 

0.40 

-15.7 

-15.8 -40.4 

-24.7 -17.6 -39.6 

-71.4 -64.9 


BACKSCATTER COMPONENTS IN DECIBELS 
ANGLE VOLUME INTERACTION -SURFACE- 


(DEG) TAU 

ALBEDO 

W HH VH 

W HH VH 

W 

HH 

8.4 

0.1 

0.50 

-11.5 -11.5 -31.1 

-14.0 -13.5 -23.1 

1.4 

1.5 

19.2 

0.1 

0.50 

-11.5 -11.5 -31.3 

-15.3 -13.1 -24.8 

-7.8 

-7.3 

30.0 

0.1 

0.50 

-11.5 -11.5 -31.8 

-18.3 -12.7 -25.6 

-14.7 -13.4 

40.9 

0.1 

0.50 

-11.5 -11.6 -32.4 

-22.5 -12.2 -26.2 

-21.3 -18.7 

51.8 

0.1 

0.50 

-11.6 -11.7-33.2 

-24.4 -11.7 -27.2 

-28.8 -24.1 

62.7 

0.1 

0.50 

-11.8 -11.9 -34.1 

-24.3 -11.3 -29.1 

-39.2 -30.6 

73.6 

0.1 

0.50 

-12.3 -12.5 -35.3 

-31.6 -11.4 -32.0 

-63.6-40.4 

84.5 

0.1 

0.50 

-14.7 -14.8 -38.3 

-23.6 -16.5 -37.8 

-71.4 -64.9 


ANGLE 
(DEG) TAU 

ALBEDO 

w 

BACKSCATTER COMPONENTS IN DECIBELS 

■VOLUME —INTERACTION —SURFACE— 

HH VH W HH VH W HH 

8.4 

0.2 

0.01 

-26.1 

-26.1 -60.7 

-29.4 -29.0 -39.7 

0.6 0.6 

19.2 

0.2 

0.01 

-26.1 

-26.1 -61.0 

-30.9 -28.6 -42.2 

-8.7 -8.2 

30.0 

0.2 

0.01 

-26.2 

-26.2 -61.4 

-34.1 -28.3 -43.3 

-15.7 -14.4 

40.9 

0.2 

0.01 

-26.3 

-26.3 -62.1 

-39.2 -27.9 -44.1 

-22.4 -19.8 

51.8 

0.2 

0.01 

-26.5 

-26.5 -62.9 

-41.7 -27.6 -45.3 

-30.2 -25.5 

62.7 

0.2 

0.01 

-27.0 

-27.0 -64.0 

-41.4 -27.7 -47.7 

-41.1 -32.5 

73.6 

0.2 

0.01 

-27.9 

-27.9 -65.6 

-52.9 -29.1 -52.1 

-66.7 -43.5 

84.5 

0.2 

0.01 

-31.5 

-31.5 -70.6 

-47.5 -40.4-64.2 

-80.6 -74.1 


ANGLE 
(DEG) TAU 

ALBEDO 

W 

BACKSCATTER COMPONENTS IN DECIBELS 

■VOLUME—— —INTERACTION —SURFACE— 

HH VH W HH VH W HH 

8.4 

0.2 

0.10 

-16.0 

-16.0 -40.6 

-19.2 -18.8 -29.3 

0.6 0.6 

19.2 

0.2 

0.10 

-16,0 

-16.0 -40.8 

-20.8 -18.5 -31.5 

-8.7 -8.2 

30.0 

0.2 

0.10 

-16.1 

-16.1 -41.3 

-23.9 -18.1 -32.6 

-15.7 -14.4 

40.9 

0.2 

0.10 

-16.2 

-16.3 -41.9 

“29.0 -17.8 -33.3 

-22.4 -19.8 

51.8 

0.2 

0.10 

-16.5 

-16.5 -42.8 

-31.2 -17.5 -34.6 

-30.2 -25.5 

62,7 

0.2 

0.10 

-16.9 

-16.9 -43.8 

-31.1 -17.6 -36.9 

-41.1 “32.5 

73.6 

0.2 

0.10 

-17.8 

-17.9 -45.5 

-41.6 -18,9 -41.0 

-66.7 -43.5 

84.5 

0.2 

0,10 

-21.4 

-21.4 -50.4 

-37.2 -30.2 -51.9 

-80.6 -74.1 


310 


FOR AIL CASES: SURFACE DIELECTRIC = 15 - jO, ksigma = 0.5, kL = 7 


BACKSCATTER COMPONENTS IN DECIBELS 


ANGLE 




-VOLUME 

INTERACTION 

-SURFACE-- 

(DEG) TAU ALBEDO 

W 

HH VH 

W HH VH 

W HH 

8.4 

0.2 

0.20 

-12.9 

-12.9 -34.4 

-16.1 -15.7 -25.8 

0.6 0.6 

19.2 

0.2 

0.20 

-12.9 

-13.0 -34.7 

-17.6 -15.3 -27.8 

-8.7 -8.2 

30.0 

0.2 

0.20 

-13.0 

-13.0 -35.1 

-20.7 -15.0 -28.8 

-15.7 -14.4 

40.9 

0.2 

0.20 

-13.1 

-13.2 -35.7 

-25.6 -14.6 -29.6 

-22.4 -19.8 

51.8 

0.2 

0.20 

-13.3 

-13.4 -36.6 

-27.8 -14.4 -30.8 

-30.2 -25.5 

62.7 

0.2 

0.20 

-13.8 

-13.8 -37.6 

-27.8 -14.5 -33.0 

-41.1 -32.5 

73.6 

0.2 

0.20 

-14.7 

-14,8 -39.2 

-37.4 -15.8 -36.9 

-66.7 -43.5 

84.5 

0.2 

0.20 

-18.3 

-18.4 -44.2 

-33.9 -26.9 -47.1 

-80.6 -74.1 


BACKSCATTER COMPONENTS IN DECIBELS 


ANGLE 




■VOLUME 

INTERACTION 

—SURFACE— 

(DEG) TAU 

ALBEDO 

W 

HH VH 

W HH VH 

W HH 

8.4 

0.2 

0.30 

-11.1 

-11.1 -30.7 

-14.2 -13.8 -23.5 

0.6 0.6 

19.2 

0.2 

0.30 

-11.1 

-11.1 -31.0 

-15.6 -13.4 -25.4 

-8.7 -8.2 

30.0 

0.2 

0.30 

-11.2 

-11.2 -31.4 

-18.7 -13.1 -26.3 

-15.7 -14.4 

40.9 

0.2 

0.30 

-11.3 

-11.3 -32.0 

-23.4 -12.7 -27.1 

-22.4 -19.8 

51.8 

0.2 

0.30 

-11.5 

-11.6 -32,9 

-25.5 -12.5 -28.3 

-30.2 -25.5 

62.7 

0.2 

0.30 

-11.9 

-12.0 -33.9 

-25.7 -12.6 -30.5 

-41.1 -32.5 

73.6 

0.2 

0.30 

-12.8 

-13.0 -35.5 

-34.5-13.9 -34.2 

-66.7 -43.5 

84.5 

0.2 

0.30 

-16.4 

-16.6-40.4 

-31.8 -24.9 -43.8 

-80.6 -74.1 


BACKSCATTER COMPONENTS IN DECIBELS 

ANGLE — VOLUME INTERACTION —SURFACE— 

(DEG) TAU ALBEDO W HH VH W HH VH W HH 


8.4 

0.2 

0.40 

-9.8 -9.8 -28.1 

-12.8 -12.3 -21.8 

0.6 

0.6 

19.2 

0.2 

0.40 

-9.8 -9.8 -28.3 

-14.2 -12.0 -23.5 

-8.7 

-8.2 

30.0 

0.2 

0.40 

-9.8 “9.9 -28.7 

-17.3 -11.7 -24.4 

-15.7 -14.4 

40.9 

0.2 

0.40 

-9.9 -10.0 -29.4 

-21.8 -11.3 -25.2 

-22.4 -19.8 

51.8 

0.2 

0.40 

-10.1 -10.2 -30.2 

-23.9 -11.1 -26.4 

-30.2 -25.5 

62.7 

0.2 

0.40 

-10.5 -10.7 -31.2 

-24.1 -11.2 -28.5 

-41.1 -32.5 

73.6 

0.2 

0.40 

-11.5 -11.6 -32.8 

-32.3 -12.5 -32.0 

-66.7 -43,5 

84.5 

0.2 

0.40 

-15.1 -15.2 -37.7 

-30.3 -23.4-41.3 

-80.6 -74.1 


BACKSCATTER COMPONENTS IN DECIBELS 


ANGLE 




■VOLUME 

(DEG) TAU 

ALBEDO 

W 

HK VH 

8.4 

0.2 

0.50 

-8.7 

-8.7 -26.0 

19.2 

0.2 

0.50 

-8.7 

-8.7 -26.2 

30.0 

0.2 

0.50 

-8.8 

-8.8 -26.6 

40.9 

0.2 

0.50 

-8.9 

-9.0 -27.2 

51.8 

0.2 

0.50 

-9.0 

-9.2 -28.0 

62.7 

0.2 

0.50 

-9 .4 

-9.6 -29.1 

73.6 

0.2 

0.50 

“10.4 

-10.6 -30.6 

84.5 

0.2 

0.50 

-14.0 

-14.2 -35.5 


—INTERACTION— —SURFACE— 


W 

HH 

VH 

W 

HH 

-11.6 

-11.2 

-20.4 

0.6 

0.6 

-13.0 

-10.9 

-21.9 

-8.7 

-8.2 

-16,0 

*10.5 

-22.7 

-15.7 

-14.4 

-20.4 

-10.2 

-23.5 

-22.4 

-19.8 

-22.4 

-10.0 

-24.8 

-30.2 

-25.5 

-22.8 

-10.1 

-26.8 

-41.1 

-32.5 

-30.5 

-11.4 

-30.2 

-66.7 

-43.5 

-29.0 

-22.2 

-39.2 

-80.6 

-74.1 


311 ' 


FOR AIL GASES: SURFACE DIELECTRIC * 15 - jO, ksigraa = 0.5, kL = 7 


BACKSCATTER COMPONENTS IN DECIBELS 


ANGLE 
(DEG) TAU 

ALBEDO 

w 

■VOLUME 

HH VH 

INTERACTION 

W HH VH 

—SURFACE— 
W HH 

8.4 

0.4 

0.01 

“23; 8 

-23.8 -56.8 

-28.2 -27-9 -38.7 

-1.2 -1.1 

19.2 

0.4 

0.01 

“23.9 

-23.9 -57.1 

-29.9 -27.6 -41.4 

-10.5 -10.0 

30.0 

0.4 

0.01 

-24.1 

-24.1 -57.5 

-33.4 -27.4 -42.8 

-17.7 -16.4 

40.9 

0.4 

0.01 

-24.3 

-24.3 -58.2 

-39.2 -27.4 -44.0 

-24.7 “22.1 

51.8 

0.4 

0.01 

-24.7 

-24.7 -59.1 

-42.1 -27.6 -45.7 

-33.0 -28.3 

62.7 

0.4 

0.01 

-25.5 

-25.5 -60.5 

-42.3 -28.7 -49.0 

-44.9 -36.3 

73.6 

0.4 

0.01 

-27.0 

-27.0 -62.8 

-55.9-32.5 -55.1 

-72.9 -49.6 

84.5 

0.4 

0.01 

-31.4 

-31.4 -69.8 

-62.5 -55.4 -74.0 

-98.9 -92.3 


ANGLE 
(DEG) TAU 

ALBEDO 

w 

BACKSCATTER COMPONENTS IN DECIBELS 

■VOLUME INTERACTION SURFACE— 

HH VH W HH VH W HH 

8.4 

0.4 

0.10 

-13.7 

-13.7 -36.6 

-18.0 -17.6 -28.2 

-1.2 -1.1 

19.2 

0.4 

0.10 

-13.8 

-13.8 -36.9 

-19.7 -17.4 -30.5 

-10.5 -10.0 

30.0 

0.4 

0.10 

-13.9 

-14.0 -37.3 

-23.1 -17.2 -31.8 

-17.7 -16.4 

40.9 

0.4 

0.10 

-14.2 

-14.2 -38.0 

-28.7 -17.2 -32.9 

-24.7 -22.1 

51.8 

0.4 

0.10 

-14.6 

-14.6 -38.9 

-31.5 -17.5 -34.6 

-33.0 -28.3 

62.7 

0.4 

0.10 

-15.3 

-15.4 -40.2 

-31.9 -18.5 -37.6 

-44.9 -36.3 

73.6 

0.4 

0.10 

-16.8 

-16.9 -42.5 

-44.3 -22.3 -43.1 

-72.9 -49.6 

84.5 

0.4 

0.10 

-21.3 

-21.4 -49.5 

-51.2 -43.9 -58.4 

-98.9 -92.3 


BACKSCATTER COMPONENTS IN DECIBELS 


ANGLE 




-VOLUME 

INTERACTION 

—SURFACE— 

(DEG) TAU 

ALBEDO 

W 

HH VH 

W HH VH 

W HH 

8.4 

0.4 

0.20 

-10.6 

-10.6-30.3 

-14.8 -14.4 -24.5 

-1.2 -1.1 

19.2 

0.4 

0.20 

-10.7 

-10.7 -30.6 

-16.4 -14.2 -26.5 

-10.5 -10.0 

30.0 

0.4 

0.20 

-10.8 

-10.8 -31.0 

-19.8 -14.0 -27.7 

-17.7 -16.4 

40.9 

0.4 

0.20 

-11.0 

"11.1 -31.7 

-25.1 -14.0 -28.7 

-24.7 -22,1 

51.8 

0.4 

0.20 

-11.4 

-11.5 -32.6 

-27.8 -14.2 -30.4 

-33.0 -28.3 

62.7 

0.4 

0.20 

-12.1 

-12.2 -33.9 

-28.5 -15.3 -33.2 

-44.9 -36.3 

73.6 

0.4 

0.20 

“13.7 

-13.8 -36.1 

-39.7 -19.0 -38.3 

-72.9 -49.6 

84.5 

0.4 

0.20 

-18.2 

-18.3 -43.2 

-46.9 -39.4 -52.3 

-98.9 -92.3 


BACKSCATTER COMPONENTS IN DECIBELS 


ANGLE 




■■ ■ 

■VOLUME 


—INTERACTION— 

—SURFACE— 

(DEG) 

TAU 

ALBEDO 

W 

HH 

VH 

W 

HH 

VH 

W 

HH 

8.4 

0.4 

0.30 

-8 

.7 

-8.7 

-26.6 

-12.8 

-12.4 

-22.0 

-1.2 

-1.1 

19.2 

0.4 

0.30 

"8 

.8 

-8.8 

-26.8 

-1,4.4 

-12.2 

-23.8 

-10.5 

-10.0 

30.0 

0.4 

0.30 

-8 

.9 

-8.9 

-27.2 

-17.7 

-12.0 

-24.9 

-17.7 

-16.4 

40,9 

0.4 

0.30 

-9 

.1 

-9.2 

-27.8 

-22.8 

-12.0 

-25.9 

-24.7 

-22.1 

51.8 

0.4 

0.30 

-9 

.5 

-9.6 

-28.7 

-25.4 

-12.3 

-27.5 

-33.0 

-28.3 

62.7 

0.4 

0.30 

-10 

.2 

-10.3 

-30.0 

-26.3 

-13.3 

-30.2 

-44.9 

-36.3 

73.6 

0.4 

0.30 

-11 

.7 

-11.9 

-32.3 

-36.5 

-17.0 

-35.1 

-72.9 

-49.6 

84.5 

0.4 

0.30 

-16 

.3 

-16.5 

-39.4 

-43.9 

-36.5 

-48.3 

-98.9 

-92.3 
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FOR ALL CASES: SURFACE DIELECTRIC = 15 - jO, ksigaa = 0.5, kl = 7 


BACKSCATTER COMPONENTS IN DECIBELS 


ANGLE 




-VOLUME— 

INTERACTION--- 

—SURFACE— 

(DEG) TAU ALBEDO 

w 

HH VH 

W HH VH 

W HH 

8.4 

0.4 

0.40 

-7 .3 

-7.3 -23.8 

-11.3 -10.9 -20.1 

-1.2 -1.1 

19.2 

0.4 

0.40 

-7.4 

• -7.4 -24.0 

-12.9 -10.7 -21.7 

-10.5 -10.0 

30.0 

0.4 

0.40 

-7.5 

-7-5 -24.4 

-16.1 -10.5 -22.7 

-17.7 -16.4 

40.9 

0.4 

0.40 

-7.7 

-7.8 -25.0 

-21.0 -10.5 -23.7 

-24.7 -22.1 

51.8 

0.4 

0.40 

-8.1 

-8.2 -25.9 

-23.6 -10.8 -25.3 

-33.0 -28.3 

62.7 

0.4 

0.40 

-8.8 

-9.0 -27,2 

-24.6 -11.8 -27.8 

-44.9 -36.3 

73.6 

0.4 

0.40 

-10.3 

-10.5 -29.4 

-34.0 -15.5 -32.5 

-72.9 -49.6 

84.5 

0.4 

0.40 

-15.0 

-15.1 -36.6 

-41.5 -34.1 -45.2 

-98.9 -92.3 


BACKSCATTER COMPONENTS IN DECIBELS 


ANGLE 




■VOLUME 

INTERACTION— 

—SURFACE— 

(DEG) TAU ALBEDO 

W 

HH VH 

W 

HH VH 

W HH 

8.4 

0.4 

0.50 

-6.2 

-6.2 -21.5 

-10.1 

-9.7 -18.4 

-1.2 -1.1 

19.2 

0.4 

0.50 

-6.3 

-6.3 -21.8 

-11.6 

-9.5 -19.9 

-10.5 -10.0 

30.0 

0.4 

0.50 

-6.4 

-6.4 -22.2 

-14.8 

-9.3 -20.8 

-17.7 -16.4 

40.9 

0.4 

0.50 

-6.6 

-6.7 -22.8 

-19.4 

-9.3 -21.8 

-24.7 -22.1 

51.8 

0.4 

0.50 

-6.9 

-7.1 -23.7 

-21.9 

-9.6 -23.3 

-33.0 -28.3 

62.7 

0.4 

0.50 

-7.6 

-7.8 -24.9 

-23.1 

-10.6 -25.8 

-44.9 -36.3 

73.6 

0.4 

0.50 

-9.1 

-9.4 -27.1 

-31 . 8 

-14.3 -30.3 

-72.9 -49.6 

84.5 

0.4 

0.50 

-13.9 

-14.1 -34.3 

-39.5 

-32.2 -42.6 

-98.9 -92.3 


BACKSCATTER COMPONENTS IN DECIBELS 


ANGLE 




■VOLUME 

INTERACTION — 

—SURFACE— 

(DEG) TAU ALBEDO 

W 

HH VH 

W HH VH 

W HH 

8.4 

0.6 

0.01 

-22.8 

-22.8 -55.1 

-28.2 -27.9 -38.9 

-3.0 -2.9 

19.2 

0.6 

0.01 

-22.9 

-22.9 -55.3 

-30.0-27.7 -41.9 

-12.4 -11.9 

30.0 

0.6 

0.01 

-23.1 

-23.1 -55.8 

-33.9 -27.8 -43.5 

-19.7 -18.4 

40.9 

0.6 

0.01 

-23.4 

-23.4 -56.5 

-40.4 -28,1 -44.9 

-27.0 -24.4 

51.8 

0.6 

0.01 

-24.0 

-24.0 -57.5 

-43.9 -28.8 -47.1 

-35.8 -31.1 

62.7 

0,6 

0.01 

-25.0 

-25.0 -59.1 

-44.4 -30.8 -51.2 

-48.7 -40.1 

73.6 

0.6 

0.01 

-26,8 

-26.8 -61.8 

-60.1 -37.0 -58.9 

-79.1 -55.8 

84.5 

0.6 

0.01 

-31.4 

-31.4 -69.8 

-76.9 -68.9 -81.4 

-117. -111. 


BACKSCATTER COMPONENTS IN DECIBELS 
ANGLE ——VOLUME —INTERACTION -SURFACE- 


(DEG) 

TAU ALBEDO 

w 

HH 

VH 

W 

HH 

VH 

W 

HH 

8.4 

0.6 

0.10 

-12.7 

-12. 

7 

-34.8 

-18.1 

“17. 

7 

-28.3 

-3.0 

-2.9 

19.2 

0.6 

0.10 

-12.8 

-12. 

8 

-35.0 

-19.8 

-17. 

5 

-30.7 

-12.4 

-11.9 

30.0 

0.6 

0.10 

-13.0 

-13. 

0 

-35.5 

-23.5 

-17. 

5 

-32.2 

-19.7 

-18.4 

40.9 

0.6 

0.10 

-13.3 

- 13 . 

3 

-36.2 

-29.6 

-17. 

8 

-33.5 

-27.0 

-24.4 

51.8 

0.6 

0 . 10 

-13.8 

-13. 

9 

-37,2 

-32.9 

-18. 

6 

-35.6 

-35.8 

-31.1 

62.7 

0.6 

0.10 

-14.8 

-14. 

8 

-38.7 

-34.0 

-20. 

6 

-39.3 

-48.7 

-40.1 

73.6 

0.6 

0.10 

-16.6 

-16 . 

7 

-41.5 

-47.8 

-26. 

6 

-46.1 

-79,1 

-55.8 

84.5 

0,6 

0.10 

-21.3 

-21. 

4 

-49,4 

-60.2 

-51. 

8 

-62.3 

-117. 

-111. 
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FOR AIL CASES: SURFACE DIELECTRIC - 15 - jO, ksigma ~ 0.5, kL = 7 


BACKSCATTER COMPONENTS IN DECIBELS 


ANGLE 



—VOLUME 

—INTERACTION— 

—SURFACE— 

(DEG) TAU ALBEDO 

W HE VH 

W HH VH 

W HH 

8.4 

0.6 

0.20 

-9 .'5 -9.5 -28.5 

-14.8 -14,4 -24.5 

-3.0 -2.9 

19.2 

0.6 

0.20 

-9.6 -9.6 -28.7 

-16.5 -14.2 -26.5 

-12.4 -11.9 

30.0 

0.6 

0.20 

-9.8 -9.8 -29.1 

-20.1 -14.3 -27.8 

-19.7 -18.4 

40.9 

0.6 

0 . 20 

-10.1 -10.1 -29.8 

-25.9 -14.5 -29.1 

-27.0 -24.4 

51.8 

0.6 

0.20 

-10.6 -10.7 -30.8 

-29.1 -15.3 -31.1 

-35.8 -31.1 

62.7 

0.6 

0*20 

-11.6 -11.7 -32.3 

-30.5 -17.3 -34.6 

-48.7 -40.1 

73.6 

0.6 

0.20 

-13.4 -13.6 -35.1 

-42.7 -23.3 -40.8 

-79.1 -55.8 

84.5 

0.6 

0.20 

-18.2 -18.3 -43.1 

-53.9 -45.6 -55.5 

-117. -111. 


BACKSCATTER COMPONENTS IN DECIBELS 


ANGLE 

(DEG) TAU ALBEDO 

W 

■VOLUME- INTERACTION— 

HH VH W HH VH 

—SURFACE— 
W HH 

8.4 

0.6 

0.30 

-7.6 

-7.6 -24.5 -12.8 -12.3 -21-9 

-3.0 -2.9 

19.2 

0.6 

0.30 

-7.7 

-7.7 -24.8 -14.4 -12.2 -23.7 

-12.4 -11,9 

30.0 

0.6 

0.30 

-7.8 

-7.9 -25.2 -17.9 -12.2 -24.8 

-19.7 -18.4 

40.9 

0.6 

0.30 

-8.2 

-8.2 -25,9 -23.4 -12.5 -26.1 

-27.0 -24.4 

51.8 

0.6 

0.30 

-8.7 

-8.8 -26.9 -26.5 -13.3 -28.0 

-35.8 -31.1 

62.7 

0.6 

0,30 

-9.6 

-9.8 -28.4 -28.2 -15.3 -31.3 

-48.7 -40.1 

73.6 

0.6 

0.30 

-11.5 

-11.6 -31.2 -39.2 -21.1 -37.2 

-79.1 -55.8 

84.5 

0.6 

0.30 

-16.4 

-16.5 -39.2 -49.9 -4l u 7 -51.1 

-117. -111. 


ANGLE 

(DEG) TAU ALBEDO 

W 

BACKSCATTER COMPONENTS IN DECIBELS 

■VOLUME —INTERACTION SURFACE— 

HH VH W HH VH W HH 

8.4 

0.6 

0.40 

-6.2 

-6.2 -21.7 

-11.2 -10.8 -19.8 

-3.0 -2.9 

19.2 

0.6 

0.40 

-6.3 

-6.3 -21.9 

-12.8 -10.6 -21.4 

-12.4 -11.9 

30.0 

0.6 

0.40 

-6.4 

-6.5 -22.4 

-16.2 -10.7 -22.4 

-19.7 -18.4 

40.9 

0.6 

0.40 

-6.7 

-6.8 -23.0 

-21.4 -10.9 -23.6 

-27.0 -24.4 

51.8 

0.6 

0.40 

-7.2 

-7.4 -24.0 

-24.4 -11.7 -25.5 

-35.8 -31*1 

62.7 

0.6 

0.40 

-8.2 

-8.4 -25.5 

-26.3 -13.7 -28.6 

-48.7 -40.1 

73.6 

0.6 

0.40 

-10.0 

-10.3 -28.2 

-36.3 -19.4 -34.3 

-79.1 -55.8 

84.5 

0.6 

0.40 

-15,0 

-15.1 -36.3 

-46.7 -38.7 -47.8 

-117. -111. 


ANGLE 

(DEG) TAU ALBEDO 

W 

BACKSCATTER COMPONENTS IN DECIBELS 

■VOLUME INTERACTION —SURFACE— 

HH VH W HH VH W HH 

8.4 

0.6 

0.50 

-5.0 

-5.0 -IS .4 

-9.9 -9.5 -18.0 

-3.0 -2.9 

19.2 

0.6 

0.50 

-5.1 

-5.1-19.6 

-U.5 "9.4 -19,4 

-12.4 -11.9 

30.0 

0.6 

0.50 

-5.2 

-5.3 -20.0 

-14.8 -9.4 -20.3 

-19.7 -18.4 

40.9 

0.6 

0.50 

-5.5 

-5.6 -20.7 

-19.6 -9.7 -21.5 

-27.0 -24.4 

51.8 

0.6 

0.50 

-6,0 

-6.2 -21.6 

-22.6 -10.4 -23.3 

-35.8 -31.1 

62.7 

0.6 

0.50 

-6.9 

-7.2 -23.1 

-24.7 -12.4 -26.3 

-48.7 -40.1 

73.6 

0.6 

0.50 

-8.8 

-9.1 -25.8 

-33.8 -18.0 -31.8 

-79.1 -55.8 

84.5 

0.6 

0.50 

-13.9 

-14.1 -34.0 

-44.1 -36.3 -44.8 

-117. -111. 


FOR AIL CASES: SURFACE DIELECTRIC = 15 - jO, ksigma * 0.5, kL - 7 


BACKSCATTER COMPONENTS IN DECIBELS 


ANGLE 




■VOLUME 

—INTERACTION 

—SURFACE— 

(DEG) TAU ALBEDO 

w 

HH VH 

W HH VH 

W HH 

8.4 

0.8 

0.01 

-22 ..2 

-22.2 -54.1 

-28.9 -28.6 -39.6 

-4.7 -4.6 

19.2 

0.8 

0.01 

-22.4 

-22.4 -54,3 

-30.8 -28.4 -42.6 

-14.2 -13.7 

30.0 

0.8 

0.01 

-22.6 

-22.6 -54.8 

-34.7 -28.6 -44.5 

-21.7 -20.4 

40.9 

0.8 

0.01 

-23.0 

-23.0 -55.6 

-41.6 -29.2 -46.2 

-29.3 -26.7 

51.8 

0.8 

0.01 

-23.7 

-23.7 -56.7 

-45.5 -30.4 -48.9 

-38.6 -33.9 

62.7 

0.8 

0.01 

-24.8 

-24.8 -58.4 

-47.0 -33.4 -53.7 

-52.5 -43.9 

73.6 

0.8 

0.01 

-26.7 

-26.7 -61.5 

-64.5 -41.9 -63.0 

-85.2 -62.0 

84.5 

0.8 

0.01 

-31.4 

-31,4 -69.7 

-84.0 -75.1 -85.4 

-135. -129. 


BACKSCATTER COMPONENTS IN DECIBELS 


ANGLE 



— VOLUME 

INTERACTION 

—SURFACE— 

(DEG) TAU ALBEDO 

W HH VH 

W HH VH 

W HH 

8.4 

0.8 

0.10 

-12.1 -12.1 -33.8 

-18.6 -18.2 -28.9 

-4.7 -4.6 

19.2 

0.8 

0.10 

-12.2 -12.2 -34.0 

-20.5 -18.1 -31.4 

-14.2 -13.7 

30.0 

0.8 

0.10 

-12.4 -12.5 -34.5 

-24.3 -18.4 -33.0 

-21.7 -20.4 

40.9 

0.8- 

0.10 

-12.8 -12.9 -35.2 

-30.9 -18.9 -34.6 

-29.3 -26.7 

51.8 

0.8 

0.10 

-13.5 -13.5 -36.3 

-34.6 -20.2 -37.1 

-38.6 -33.9 

62.7 

0.8 

0.10 

-14.6 -14.6 -38.0 

-36.5 -23.2 -41.4 

-52.5 -43.9 

73.6 

0.8 

0,10 

-16.6 -16.6 -41.1 

-51.2 -31.4-49.3 

-85.2 -62.0 

84.5 

0.8 

0.10 

-21.3 -21.4 -49,4 

-63.8 -55.0 -64.9 

-135. -129. 

ANGLE 

(DEG) TAU ALBEDO 

BACKSCATTER COMPONENTS IN DECIBELS 
W HH VH W HH VH W HH 

8.4 

0.8 

0.20 

-8.9 -8.9 -27.3 

-15.3 -14.9 -25.0 

-4.7 -4.6 

19.2 

0.8 

0.20 

-9.0 -9.0 -27.6 

-17.1 -14.8 -27.1 

-14.2 -13.7 

30.0 

0.8 

0.20 

-9.2 -9.2 -28.1 

-20.9 -15.0 -28.5 

-21.7 -20.4 

40.9 

0.8 

0.20 

-9.6 -9.7 -28.8 - 

-27.0 -15.6 -30.0 

-29.3 -26.7 

51.8 

0.8 

0.20 

-10.3 -10.3 -29.9 

-30.7 -16.8-32.4 

-38.6 -33.9 

62.7 

0.8 

0,20 

-11.4 -11.4 -31.6 

-32.9 -19.8 -36.4 

-52.5 -43.9 

73.6 

0.8 

0.20 

-13.4-13.5 -34.7 

-45.6 -27.8 -43.6 

-85.2 -62.0 

84.5 

0.8 

0.20 

-18,2 -18.3 -43.0 

-57.1 -48.5 -57.9 

-135. -129. 


BACKSCATTER COMPONENTS IN DECIBELS 


ANGLE 




■VOLUME — 

—INTERACTION 

-SURFACE-- 

(DEG) TAU ALBEDO 

W 

HH VH 

W HH VH 

W HH 

8.4 

0.8 

0.3Q 

-6.9 

-6.9 -23.4 

-13.2 -12.8 -22.3 

“4-7 -4.6 

19.2 

0.8 

0.30 

-7.1 

-7.1 -23.7 

-15.0 -12.7 -24.1 

-14.2 -13.7 

30.0 

0.8 

0.30 

-7.3 

-7.3 -24.1 

-18.6 -12.9 -25.3 

-21.7 -20.4 

40,9 

0.8 

0.30 

“7.6 

-7.7 -24.8 

-24.4 -13.5 -26.8 

“29.3 -26.7 

51.8 

0.8 

0.30 

-8.3 

-8.4 -25.9 

-28.0 -14.8 -29.1 

-38.6 -33.9 

62.7 

0.8 

0.30 

-9.4 

-9.5 -27.6 

-30.5 -17.6 -32.8 

-52.5 -43.9 

73.6 

0.8 

0.30 

-11.4 

-11.6 -30.7- 

-41.7 -25.5 -39-6 

-85.2 -62.0 

84.5 

0.8 

0.30 

-16.3 

-16.5 -39.1 

-52.8 -44.4 -53.4 

-135. “129. 


FOR ALE CASES: SURFACE DIELECTRIC = 15 - jO, ksignrn = 0.5, fcL = 7 


BACKSCATTER COMPONENTS IN DECIBELS 


ANGLE 



H WM, 

— 

■VOLUME 

—INTERACTION— 

—SURFACE— 

(DEG) 

TAU ALBEDO 

w 

HH 

VH 

W 

HH 

VII 

W 

HH 

8.4 

0.8 

0.40 

-5 

.■5 

-5.5 

-20.5 

-11.6 

-11.2 

-20.1 

-4.7 

-4.6 

19.2 

0.8 

0.40 

-5 

.6 

-5.6 

-20.7 

-13.3 

•-11.1 

-21.6 

-14.2 

-13.7 

30.0 

0.8 

0.40 

-5 

.8 

-5.9 

-21.2 

-16.8 

-11.3 

-22.8 

-21.7 

-20.4 

40.9 

0.8 

0.40 

-6 

.2 

-6.3 

-21 .9 

-22.3 

-11.9 

-24.2 

-29.3 

-26.7 

51.8 

0.8 

0.40 

-6 

.8 

-6.9 

-22.9 

-25.8 

-13.1 

-26.4 

-38.6 

-33.9 

62.7 

0.8 

0.40 

"7 

.9 

-8.1 

-24 .6 

-28.5 

-16.0 

-30.0 

-52.5 

-43.9 

73.6 

0.8 

0.40 

-10 

.0 

-10.2 

-27.7 

-38.6 

-23 Ji 

-36.4 

-85.2 

-62.0 

84.5 

0.8 

0.40 

-15 

.0 

-15 . 1 

-36.3 

-49.4 

-41.3 

-49.8 

-135. 

-129. 


ANGLE 

(DEG) TAU ALBEDO 

W 

BACKSCATTER COMPONENTS IN DECIBELS 

■VOLUME —INTERACTION SURFACE— 

HH VH W HH VH W HH 

8.4 

0.8 

0.50 

-4.3 

-4.3 -18.1 

-10.2 -9.8 -18.1 

-4.7 -4.6 

19.2 

0.8 

0.50 

-4.4 

-4.4 -18.3 

-11.9 -9.8 -19.5 

-14.2 -13.7 

30.0 

0.8 

0.50 

-4.6 

-4.7 -18.8 

-15.3 -10.0 -20.5 

-21.7 -20.4 

40.9 

0.8 

0.50 

-5.0 

-5.1 -19.4 

-20.3 -10,5 -21.9 

-29.3 -26.7 

51.8 

0.8 

0.50 

-5.6 

-5.8 -20.5 

-23.8 -11.8 -24.0 

-38.6 -33.9 

62.7 

0.8 

0.50 

-6.7 

-6.9 -22.1 

-26.7 -14.6 -27.4 

-52.5 -43.9 

73.6 

0.8 

0.50 

-8.7 

-9.0 -25.3 

-35.8 -21.9 -33.6 

-85.2 -62.0 

84.5 

0.8 

0.50 

-13.9 

-14.1 -33.9 

-46.6 -38.8 -46.7 

-135. -129. 


ANGLE 

(DEG) TAU ALBEDO 

w 

BACKSCATTER COMPONENTS IN DECIBELS 

-VOLUME- INTERACTION SURFACE— 

HH VH W HH VH W HH 

8.4 

1.2 

0.01 

-21 . 7 

-21.7 -53.1 

-30.6 -30.4 -41.6 

—8.2 —8.1 

19.2 

1.2 

0.01 

-21.8 

-21.8 -53.4 

-32.8 -30.4 -45.0 

-17,9 -17.4 

30.0 

1.2 

0.01 

-22.1 

-22.1 -53.9 

-37.3 -31.0 -47.2 

-25.7 -24.4 

40.9 

1.2 

0.01 

-22.6 

-22.6 -54.7 

-45.2 -32.2 -49.5 

-33.9 -31.3 

51.8 

1.2 

0,01 

-23.4 

-23.4 -56.0 

“50.1 -34.4 -53.1 

-44.2 -39.5 

62.7 

1.2 

0,01 

-24.6 

-24.7 -57.9 

-52.8 -39.3 -59,3 

-60.0 -51.4 

73.6 

1.2 

0.01 

-26.7 

-26.7 -61.3 

-73.4 -52.3 -71.3 

-97.6 -74.3 

84.5 

1.2 

0.01 

-31.4 

-31.4 -69.8 

-90.0 -80.5 -90.6 
• 

-172. -166. 

ANGLE 

(DEG) TAU ALBEDO 

W 

BACKSCATTER COMPONENTS IN DECIBELS 

-VOLUME INTERACTION SURFACE— 

I VH W HH VH W HH 

8.4 

1.2 

0.10 

-11.5 

-11.5 -32.7 

-20.4-20.0 -30.8 

-8.2 -8.1 

19.2 

1.2 

0.10 

-11.6 

-11.6 -33.0 

-22.4 -20.2 -33.4 

-17.9 -17.4 

30.0 

1.2 

0.10 

-11.9 

-12.0 -33.5 

-26.7 -20.7 -35.4 

-25.7 -24.4 

40.9 

1.2 

o.io 

-12.4 

-12.5 -34.3 

-34.0 -21.8 -37.5 

-33.9 -31.3 

51.8 

1.2 

0 . 10 

-13.2 

-13.2 -35.6 

-38.7 -24.1 -40.7 

-44.2 -39.5 

62.7 

1.2 

0.10 

-14.5 

-14.5 -37.5 

-42.2 -28.9 -46.2 

-60.0 -51.4 

73.6 

1.2 

0.10 

-16.6 

-16.6 -41.0 

-57.6 -41.0 -55.5 

-97.6 -74.3 

84.5 

1.2 

0.10 

-21.3 

-21.4 -49.4 

-69.2 -60.0 -69.6 

-172. -166. 
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FOR All CASES: SURFACE DIELECTRIC = 15 - jO, ksigraa = 0.5, kL - 7 

BACKS CATTER COMPONENTS IN DECIBELS 
ANGLE VOLUME INTERACTION --SURFACE- 


(DEG) TAU 

ALBEDO 

W HH VH 

W HH VH 

W HH 

8.4 

1.2 

0.20 

-8.3 -8.3 -26.2 

-17.1 -16.6 -26.7 

-8.2 -8.1 

19.2 

1.2 

0.20 

-8.4 -8.4 -26.5 

-19.0 -16.7 -28.9 

-17.9-17.4 

30.0 

1.2 

0.20 

-8.7 -8.7 -27.0 

-23.1 -17.3 -30.6 

-25.7 -24.4 

40.9 

1.2 

0.20 

-9.2 -9.2 -27.8 

-29.9 -18.4 -32.5 

-33.9 -31.3 

51.8 

1.2 

0.20 

-10.0 -10.0 -29.1 

-34.5 -20.6 -35.6 

-44.2 -39.5 

62.7 

1.2 

0.20 

-11.2 -11.3 -31.0 

-38.4 -25.3 -40.6 

-60.0 -51.4 

73.6 

1.2 

0.20 

-13.4 -13.5 -34-5 

-51.1 -36.6 -49.0 

-97.6 -74.3 

84.5 

1.2 

0.20 

-18.2 -18.3 -43.0 

-62.3 -53.3 -62.3 

-172. -166. 


ANGLE 

(DEG) TAU ALBEDO 

W 

BACKSCATTER COMPONENTS IN DECIBELS 

•VOLUME — - INTERACTION —SURFACE— 

HH VH W HH VH W HH 

8.4 

1.2 

0.30 

-6.3 

-6.3-22.2 

-14.9 -14.5 

-23.9 

-8.2 -8.1 

19.2 

1.2 

0.30 

-6.4 

-6.4 -22.5 

-16.8 -14.6 

-25.7 

-17.9 -17.4 

30.0 

1,2 

0.30 

-6.7 

-6.8 -23.0 

-20.8 -15.1 

-27.2 

-25.7 -24.4 

40.9 

1.2 

0.30 

-7,2 

-7.3 -23.8 

-27.0 -16.2 

-29.1 

-33.9 -31.3 

51.8 

1.2 

0.30 

-8.0 

-8.1 -25.0 

-31.5-18.4 

-31.9 

-44.2 -39.5 

62.7 

1.2 

0.30 

-9.2 

-9.4 -27.0 

-35.7 -23.0 

-36.6 

-60.0 -51.4 

73.6 

1.2 

0.30 

-11.4 

-11.6 -30.5 

-46.6 -33.6 

-44.5 

-97.6 -74.3 

84.5 

1.2 

0.30 

-16.3 

-16.5 -39.1 

-57.8 -49.0 

-57.5 

-172. -166. 


ANGLE 

(DEG) TAU ALBEDO 

W 

BACKSCATTER COMPONENTS IN DECIBELS 

■VOLUME —INTERACTION —SURFACE— 

HH VH W HH VH W HH 

8.4 

1.2 

0.40 

-4.8 

-4.8 -19.2 

-13.1 -12.7 -21.5 

-8.2 -8.1 

19.2 

1.2 

0,40 

-4.9 

-4.9 -19.4 

-15.0 -12.9 -23.0 

-17.9 -17.4 

30.0 

1.2 

0.40 

-5.2 

-5.3 -19.9 

-18.8 -13.4 -24.4 

-25.7 -24.4 

40.9 

1.2 

0.40 

-5.7 

-5.8 -20.7 

-24.6 -14.5 -26.2 

-33.9 -31.3 

51.8 

1.2 

0.40 

-6.4 

-6.6 -21.9 

-29.0 -16.6 -28.9 

-44.2 -39.5 

62.7 

1.2 

0.40 

-7.7 

-7.9 -23.9 

-33.4 -21.1 -33.3 

-60.0 -51.4 

73.6 

1.2 

0,40 

-9.9 

-10.1 -27.4 

-42.9 -31.1 -40.8 

-97.6 -74,3 

84.5 

1.2 

0.40 

-15.0 

-15.1 -36.2 

-54.2 -45.7 -53.6 

-172. -166. 


BACKS CATTES COMPONENTS IN DECIBELS 


ANGLE 




■VOLUME 

INTERACTION 

URt 'ACE - 

(DEG) TAU ALBEDO 

W 

HH VH 

W HH VH 

W HH 

8.4 

1.2 

0.50 

-3.6 

-3.6 -16.6 

-11.6 -11.3-19,3 

-8.2 -8.1 

19.2 

1.2 

0.50 

-3.7 

-3.7 -16.9 

-13.5 -11.4 -20.7 

-17.9 -17.4 

30.0 

1,2 

0.50 

-4.0 

-4.1 -17.4 

-17.1 -11.9 -21.9 

-25.7 -24.4 

40.9 

1.2 

0.50 

-4.4 

-4.6 -18.1 

-22.4 -13.0 -23.6 

-33.9 -31.3 

51.8 

1.2 

0.50 

-5.2 

-5.4 -19.4 

-26.7 -15.1 -26.2 

-44.2 -39.5 

62.7 

1.2 

0.50 

-6.5 

-6.7 -21.3 

-31.1 -19.5 -30.5 

-60.0 -51.4 

73.6 

1.2 

0.50 

-8.7 

-9..0 -24.9 

-39.7 -28.8-37.6 

-97.6 -74.3 

84.5 

1.2 

0.50 

-13.9 

-14.1 -33.8 

-51.0 -42.9-50,2 

-172.-166. 



FOR All CASES: SURFACE DIELECTRIC = 15 - jO, ksigma = 0.5, kL = 7 


BACKSCATTER COMPONENTS IN DECIBELS 

ANGLE VOLUME INTERACTION-— — SURFACE — 

(DEG) TAU ALBEDO .W HH VH W HH VH W HH 

8.4 1.6 0.01 -21.4 -21.4 -52.7 -33.1 -32.8 -44.1 -11.7 -11.6 

19.2 1.6 0.01 -21.6 -21.6 -53.0 -35.4 -33.0 -47.6 -21.6 -21.1 

30,0 1.6 0.01 -22.0 -22,0 -53.5 -40.1 -33.8 -50.2 -29.7 -28.4 

40.9 1.6 0.01 -22.5 -22.5 -54.4 -48.6 -35.6 -53.1 -38.5 -35.9 

51.8 1.6 0.01 -23.3 -23.3 -55.8 -54.4 -38.8 -57.5 -49.8 -45.1 

62.7 1.6 0.01 -24.6 -24.6 -57.8 -59.1 -45.6 -65.2 -67.5 -58.9 

73.6 1.6 0.01 -26.7 -26.7 -61.3 -81.5 -62.8 -79.0 -110. -86.4 

84.5 1.6 0.01 -31.4 -31.4 -69.7 -95.2 -85.1 -95.2 -207. -201. 


BACKSCATTER COMPONENTS IN DECIBELS 

ANGLE VOLUME —INTERACTION --SURFACE— 

(DEG) TAU ALBEDO W HH VH W HH VH W HH 


8.4 1.6 0.10 -11.2-11.2 -32.2 -22.7 -22.3 -33.2 -11,7 -11.6 

19.2 1.6 0,10 -11.4 -11.4 -32.5 -24.9 -22.6 -36.0 -21.6 -21.1 

30.0 1.6 0.10 -11.8-11.8-33.1 -29,5-23.5-38.2 -29.7-28.4 

40.9 1.6 0.10 -12-3 -12.3 -34.0 -37.5 -25.1 -40.7 -38.5 -35.9 

51.8 1.6 0.10 -13.1 -13.2 -35.3 .-43.0 -28.4 -44.7 -49.8 -45.1 

62.7 1.6 0.10 -14.4 -14.5 -37.4 -48.3 -35.0 -51.2 -67.5 -58.9 

73.6 1.6 0.10 -16.6 -16.6 -40.9 -63.2 -49.4 -61.0 -110. -86.4 

84.5 1.6 0.10 -21.3 -21.4 -49.4 -74.4 -64.4 -74.0 -207. -201. 


BACKSCATTER COMPONENTS IN DECIBELS 

ANGLE VOLUME —INTERACTION SURFACE— 

(DEG) TAU ALBEDO W HH VH W HH VH W HH 

8.4 1.6 0.20 -8.0 -8.0 -25.7 -19.3 -18.9 -29.0 -11.7 -11.6 

19.2 1.6 0.20 -8.2 “8.2 -26.0 -21.4 -19.2 -31.3 -21.6 -21.1 

30.0 1.6 0.20 -8.5 -8.5 -26,6 -25.9 -20.0 -33.2 -29.7 -28.4 

40.9 1.6 0.20 -9.1 -9.1 -27.4 -33.1 -21.7 -35.6 -38.5 -35.9 

53.8 1.6 0.20 -9.9-10.0-23.8 -38.6 -24.3 -39.2 -49.8-45.1 


62.7 1.6 0.20 -11.2 -11.3 -30.8 -44.2 -31.2 -45.1 -67.5 -58.9 
73.6 1.6 0.20 -13.4 -13.5 -34.4 -56.1 -43.8 -53.9 -110. -86.4 
84.5 1.6 0,20 -18.2 -18.3 -43.0 -67.3 -57.6 -66.6 -207. -201. 


BACKSCATTER COMPONENTS IN DECIBELS 

ANGLE VOLUME INTERACTION —SURFACE— 

(DEG) TAU ALBEDO W HH VH W HH VH W HH 
8. A 1.6 0.30 -6,0 -6.0 -21.6 -17.0 -16.6 -26.0 -11.7 -11.6 

19, 1.6 0.30 -6.2 -6.2 -21.9 ‘-19.1 -16.9 -27.9 -21.6 -21.1 

30.0 1.6 0.30 -6.5 -6.5 -22.5 -23.4 -17.7 -29.6 -29.7 -28.4 

40.9 1.6 0.30 -7.0 -7.1-23.3 -30.0-19.4-31.9 -38.5-35.9 

51.8 1.6 0.30 -7.9 -8.0 -24.7 -35.4 -22.5 -35.3 -49.8 -45.1 

62.7 1.6 0.30 -9.2 -9.3-26.8 -41.2-28.6-40.8 -67-5-58.9 

73.6 1.6 0,30 -11.4-11.5-30.4 -51.3 -40.0 -49.0 -110. -86.4 

84.5 1.6 0.30 -16.3 -16.5 -39.1 -62.6 -53.2 -61.5 -207. -201. 



FOR AH CASES: SURFACE DIELECTRIC = 15 - jO, ksigma =0.5, kL = 7 


BACKSCATTER COMPONENTS IN DECIBELS 
ANGLE VOLUME— — INTERACTION -SURFACE- 


(DEG) TAU 

ALBEDO 

.w 

HH VH 

W HH VH 

W HH 

8.4 

1.6 

0.40 

-4.5 

-4.5 -18.5 

-15.2 -14.9 -23.5 

-11.7 -11.6 

19.2 

1.6 

0.40 

-4.6 

-4.7 -18.8 

-17.2 -15.1 -25.1 

-21.6 -21.1 

30.0 

1.6 

0.40 

-5.0 

-5.0 -19.4 

-21.3 -16.0 -26.6 

-29.7 -28.4 

40.9 

1.6 

0.40 

-5.5 

-5.6 -20.2 

-27.4 -17.6 -28.7 

-38.5 -35.9 

51.8 

1.6 

0.40 

-6.3 

-6.5 -21.5 

-32.5 -20.6 -32.0 

-49- 8 -45.1 

62.7 

1.6 

0.40 

-7.7 

-7.9 -23.6 

-38.4 -26.4 -37,1 

-67.5 -58.9 

73.6 

1.6 

0.40 

-9.9 

-10.1 -27.3 

-47.2 -36.8 -44.9 

-110. -86.4 

84.5 

1.6 

0.40 

-14.9 

-15.1 -36.2 

-58.8 -49.7 -57.4 

-207. -201. 


ANGLE 




BACKSCATTER COMPONENTS IN DECIBELS 
-VOLUME- INTERACTION —SURFACE— 

(DEG) TAU 

ALBEDO 

W 

HH VH 

W HH VH 

W HH 

8.4 

1.6 

0.50 

-3.2 

-3.2 -15.9 

-13.7 -13.3 -21.1 

-11.7 -11.6 

19.2 

1.6 

0.50 

-3.4 

-3.4 -16.2 

-15.6 -13.6 -22.5 

-21.6 -21.1 

30.0 

1.6 

0.50 

-3.7 

-3.8 -16.7 

-19.4 -14.4-23.9 

-29.7 -28.4 

40.9 

1.6 

0.50 

-4.2 

-4.4 -17.6 

-25.0 -16.0 -25.9 

-38.5 -35.9 

51.8 

1.6 

0.50 

-5.1 

-5.3 -18.9 

-29.9 -18.9 -29.0 

-49.8 -45.1 

62.7 

1.6 

0.50 

-6.4 

-6.7 -21.0 

-35.6 -24.5 -33.9 

-67.5 -58.9 

73.6 

1.6 

0.50 

-8.7 

-9.0 -24.8 

-43.6 -34.0 -41.3 

-110. -86.4 

84.5 

1.6 

0.50 

-13.9 

-14.1 -33.7 

-55.3 -46.7 -53.7 

-207. -201. 


ANGLE 
(DEG) TAU 

ALBEDO 

BACKSCATTER COMPONENTS IN DECIBELS 

VOLUME—— INTERACTION —SURFACE— 

W HH VH W HH VH W HH 

8.4 

1.9 

0.10 

-11.2 -11.2 -32.1 

-24.7 -24.2 -35.1 

-14.4 -14.3 

19.2 

1.9 

0.10 

-11.3 -11.3 -32.4 

-26.9 -24.6 -38.0 

-24.3 -23.8 

30.0 

1.9 

0.10 

-11.7 -11.7 -33.0 

-31.8 -25.7 -40.5 

-32.7-31.4 

40.9 

1.9 

0.10 

-12.3 -12.3 -33.9 

-40.2 -27.9 -43.4 

-41.9 -39.3 

51.8 

1.9 

0.10 

-13.1 -13.2 -35.2 

-46.4 -31.8 -47.9 

-54.0 -49.3 

62.7 

1.9 

0.10 

-14.4 -14.5 -37.4 

-53.0 -39.6 -54.9 

-73.2 -64/6 

73.6 

1.9 

0.10 

-16.6 -16.6 -40.9 

-67.1 -54.3 -64.7 

-119. -95.7 

84.5 

1.9 

0.10 

-21.3 -21.4 -49.4 

-78.1 -67.6 -77.3 

-234. -228. 


ANGLE 

(DEG) TAU ALBEDO 

BACKSCATTER COMPONENTS IN DECIBELS 
W HH VH W HH VH W HH 

8.4 

1.9 

0.20 

-7.9 -7.9 -25.5 

-21.2 -20.8 -30.9 

-14.4 -14.3 

19.2 

1.9 

0.20 

-8.1 -8.1 -25.8 

‘-23.4 -21.1 -33.3 

-24.3 -23.8 

30.0 

1.9 

0.20 

-8.4 -8.5 -26.4 

-28.1 -22.2 -35.3 

-32,7 -31.4 

40.9 

1.9 

0.20 

-9.0 -9.1 -27,3 

-35.7-24.3 -38.0 

-41,9 -39.3 

51.8 

1.9 

0.20 

-9.9 -9.9 -28.7 

-41.8 -28.1 -42.1 

-54.0 -49.3 

62.7 

1.9 

0.20 

-11.2 -11.3 -30,8 

-48.6 -35.6 -48.5 

-73.2 -64.6 

73.6 

1,9 

0.20 

-13.3 -13.4 -34.4 

-59.7 -47.9 -57.3 

-119. -95.7 

84,5 

1.9 

0.20 

-18.2-18.3 -43.0 

-70,9 -60.6 -69.7 

-234. -228. 


319; 


FOR All CASES: SURFACE DIELECTRIC = 15 - jO, ksigraa = 0.5, kL = 7 

BACKSCATTER COMPONENTS IN DECIBELS 
ANGLE —VOLUME — -INTERACTION — SURFACE — 


(DEG) TAU ALBEDO 

W 

HH VH 

W HH VH 

W HH 

8.4 

1.9 

0.30 

-5.9 

-5.9 -21.4 

-18.9 -18.5 -27.8 

-14.4 -14.3 

19.2 

1.9 

0.30 

-6.1 

-6,1 -21.7 

-21.0 -18.9 -29.8 

-24.3 -23.8 

30.0 

1.9 

0.30 

-6.4 

-6.5 -22.3 

-25.5 -19.9-31.6 

-32.7 -31.4 

40.9 

1.9 

0.30 

-7.0 

-7.1 -23.2 

-32,4 -22.0 -34.2 

-41.9 -39.3 

51.8 

1.9 

0.30 

-7.9 

-8.0 -24.6 

-38.3 -25.7 -38.0 

-54.0 -49.3 

62.7 

1.9 

0.30 

-9.2 

-9.3 -26.7 

-45.2 -32.7 -43.9 

-73.2 -64.6 

73.6 

1.9 

0.30 

-11.4 

-11.5 -30.4 

-54.7 -43.7 -52.1 

-119. -95.7 

84.5 

ANGLE 

1.9 

0.30 

-16.3 

-16.4 -39.1 -66.1 -56.1 -64.5 -234. -228. 

BACKSCATTER COMPONENTS IN DECIBELS 
'VOLUME—— —INTERACTION —SURFACE— 

(DEG) TAU ALBEDO 

W 

HH VH 

W HH VH 

W HH 

8.4 

1.9 

0.40 

-4,4 

-4.4 -18.3 

-17.0 -16,6 -25.2 

-14.4 -14.3 

19.2 

1.9 

0.40 

-4,5 

-4.6 -18.6 

-19.1 -17.0 -26.8 

-24.3 -23.8 

30.0 

1.9 

0.40 

-4.9 

-4.9 -19.1 

-23.3 -18.1 -28.5 

-32.7 -31.4 

40.9 

1.9 

0.40 

-5.5 

-5.5 -20.0 

-29.6 -20.1 -30.9 

-41,9 -39.3 

51.8 

1.9 

0.40 

-6.3 

-6.5 -21,4 

-35.3 -23.7 -34.5 

-54.0 -49.3 

62.7 

1.9 

0.40 

-7.6 

-7.9 -23.6 

-41.9 -30.3 -40.1 

-73.2 -64.6 

73.6 

1.9 

0.40 

-9.9 

-10.1 -27.3 

-50.4 -40.2 -47.9 

-119. -95.7 

84.5 

ANGLE 

1.9 

0.40 

-14.9 

-15.1 -36.1 -62.0 -52.6 -60.2 -234. -228. 

BACKSCATTER COMPONENTS IN DECIBELS 
■VOLUME- INTERACTION —SURFACE— 

(DEG) TAU ALBEDO 

W 

HH VH 

W HH VH 

W HH 

8.4 

1.9 

0.50 

-3.1 

-3.1 -15.6 

-15.4 -15.0 -22.7 

-14.4 -14.3 

19.2 

1.9 

0.50 

-3.3 

-3.3-15.9 

-17.4 -15.4 -24.1 

-24.3 -23.8 

30.0 

1.9 

0.50 

-3.6 

-3.7 -16.5 

-21.3 -16.4 -25.6 

-32.7 -31.4 

40.9 

1.9 

0.50 

-4.2 

-4.3 -17.4 

-27.0 -18.4 -27.9 

-41.9 -39.3 

51.8 

1.9 

0.50 

-5.0 

-5.2 -18.8 

-32.4 -21.8 -31.3 

-54.0 -49.3 

62.7 

1.9 

0.50 

-6.4 

-6.7-20,9 

-38.7 -28.1 -36.6 

-73.2 -64.6 

73.6 

1.9 

0.50 

-8.7 

-9.0 -24.7 

-46.5-37.2 -44.0 

-119. -95*7 

84.5 

1.9 

0,50 

-13.8 

-14.1 -33.7 

-58.3 -49.4 -56.3 

-234. -228. 


BACKSCATTER COMPONENTS IN DECIBELS 


ANGLE 

(DEG) TAU ALBEDO 

W 

■VOLUME 

HH VH 

8.4 

2.2 

0.10 

-11. 1 

-11.1-32.0 

19.2 

2.2 

0.10 

-11.3 

-11.3 -32.3 

30.0 

2.2 

0.10 

-11*7 

-11.7 -32.9 

40.9 

2.2 

0.10 

-12,2 

-12.3 -33.8 

51,8 

2.2 

0.10 

-13.1 

-13.1 -35.2 

62.7 

2.2 

0.10 

-14.4 

-14.5 -37.3 

73.6 

2.2 

0.10 

-16.6 

-16.6 -40.9 

84.5 

2.2 

0.10 

-21.3 

-21.4 -49.4 


INTERACTION —SURFACE — 

W HH VH W HH 
-26.7 -26.3 -37.2 -17.0 -16.9 
'-29.1 -26.8 -40. 2 -27.1 -26.6 
-34.2 -28.1 -42.8 -35.7 -34.4 
-42.9 -30.6 -46.1 -45.4 -42.8 
-49.8 -35.3 -51.1 -58.2 -53.5 
-57.7 -44.2 -58.7 -78.9 -70.3 
-70.9 -58.2 -68.2 -128. -105. 
-81.7 -70.7 -80.5 -261. -255. 


I OR AIL CASES: SURFACE DIELECTRIC = 15 - jO, ksigma = 0.5, kl = 7 


BACKSCATTER COMPONENTS IN DECIBELS 


ANGLE 



— VOLUME—— 

INTERACTION— 

—SURFACE— 

(DEG) 

TAU ALBEDO 

.W HR VH 

W HH VH 

W HH 

8.4 

2.2 

0.20 

-7.9 -7.9 -25.4 

-23.2 -22.8 -32.9 

-17.0 -16.9 

19.2 

2-2 

0.20 

-8.0 -8.1 -25.7 

-25.5 -23.3 -35.3 

-27.1 -26.6 

30.0 

2.2 

0.20 

-8.4 -8.4 -26.3 

-30.4 -24.6 -37.6 

-35.7 -34.4 

40.9 

2.2 

0.20 

-9.0 -9.0 -27.2 

-38.3 -27.0 -40.6 

-45.4 -42.8 

51.8 

2.2 

0.20 

-9.9 -9.9 -28.6 

-45.0 -31.5 -45.1 

-58.2 -53.5 

62.7 

2.2 

0.20 

-11.2 -11.3 -30.8 

-52.9 -39.9 -51.9 

-78.9 -70.3 

73.6 

2.2 

0.20 

-13.4 -13.5 -34.4 

-63.3 -51.4 -60.5 

-128. -105. 

84.5 

2.2 

0.20 

-18.2 -18.3 -43.0 

-74.4 -63.7 -72.8 

-261. -255. 


BACKS CATTER COMPONENTS IN DECIBELS 


ANGLE 




•VOLUME 

INTERACTION 

—SURFACE— 

(DEG) 

TAU ALBEDO 

W 

HH VH 

W HH VH 

W HH 

8.4 

2.2 

0.30 

-5.8 

-5.8 -21.3 

-20.8 -20.4 -29.7 

-17.0 -16.9 

19.2 

2.2 

0.30 

-6.0 

-6.0 -21.6 

-23.1 -20.9 -31.8 

-27.1 -26.6 

30.0 

2.2 

0.30 

-6.4 

-6.4 -22.2 

-27.7 -22.2 -33.8 

-35.7 -34.4 

40.9 

2.2 

0.30 

-7.0 

-7.0 -23.1 

-34.9 -24.6 -36.6 

-45.4 -42.8 

51.8 

2.2 

0.30 

-7.9 

-7.9 -24.5 

.-41.3-29.0 -40.8 

-58.2 -53.5 

62.7 

2.2 

0.30 

-9.2 

-9.3 -26.7 

-49.0-36.7 -47.1 

-78.9 -70.3 

73.6 

2.2 

0.30 

-11.4 

-11.5 -30.4 

-58.0 -46.9 -55.2 

-128. -105. 

84.5 

2.2 

0.30 

-16.3 

-16.5 -39.1 

-69.5-59.1 -67.4 

-261. -255. 


BACKSCATTER COMPONENTS IN DECIBELS 


ANGLE 


* 


•VOLUME— — 

■ INTERACTION— —SURFACE— 

(DEG) 

TAU ALBEDO 

W 

HH VH 

W HH VH W HH 

8.4 

2.2 

0.40 

-4.3 

-4.3 -18.1 

-18.9 -18.5 -27.0 -17.0 -16.9 

19.2 

2.2 

0.40 

-4.5 

-4.5-18.4 

-21.1 -19.0 -28.7 -27.1 -26.6 

30.0 

2.2 

0.40 

-4.8 

-4.9 -19.0 

-25.5 -20.3 -30.5 -35.7 -34.4 

40 9 

2.2 

0.40 

-5.4 

-5.5 -20.0 

-31.9 -22.6 -33.2 -45.4 -42.8 

51. .8 

2.2 

0.40 

-6.3 

-6.4 -21.4 

-38.0-26.8-37.1 -58.2-53.5 

62.7 

2.2 

0.40 

-7.6 

-7.9 -23.6 

-45.3 -34.0 -43.0 -78.9 -70.3 

73.6 

2.2 

0.40 

-9.9 

-10.1 -27.3 

-53.5 -43.3 -50.7 -128. -105. 

84.5 

2.2 

0.40 

-15.0 

-15.1 -36.2 

-65.2 -55.4 -63.0 -261. -255. 


BACKSCATTER COMPONENTS IN DECIBELS 


ANGLE 




■VOLUME 

INTERACTION— 

—SURFACE— 

(DEG) 

TAU ALBEDO 

W 

HH VH 

W HH VH 

W HH 

8.4 

2.2 

0.50 

-3.0 

-3.0 -15.5 

-17.2 -16.8 -24.4 

-17.0 -16.9 

19,2 

2.2 

0.50 

-3.2 

-3.2 -15.8 

-19.3 -17.3 -25.8 

-27.1 -26.6 

30.0 

2.2 

0.50 

-3.6 

-3.6 -16.3 

-23.4 -18.6 -27.5 

-35.7 -34.4 

40.9 

2.2 

0.50 

-4.1 

-4.2 -17.3 

-29.2 -20.8 -30.0 

-45.4 -42.8 

51.8 

2.2 

0.50 

-5.0 

-5.2 -18.7 

-34.9-24.8 -33.7 

-58.2 -53.5 

62.7 

2.2 

0.50 

-6.4 

-6.7 -20.9 

-41.7 -31.5 -39.2 

-78.9 -70.3 

73.6 

2.2 

0.50 

-8.7 

-9.0 -24.7 

-49.4 -40.1 -46.7 

-128. -105. 

84.5 

2.2 

0.50 

-13.9 

-14.1 -33.7 

-61.3 -52.1 -58.9 

-261. -255. 



FOR AIL CASES; SURFACE DIELECTRIC = 15 - jO, kL 

= 7 


OPTICAL DEPTH (TAU) “ 0.2, ALBEDO =0.2 





BACKSCATTER COMPONENTS IN DECIBELS 

ANGLE 



■VOLUME 

—INTERACTION 

—SURFACE— 

(DEG) 

ksigma 

W 

HH VH 

W HH VH 

W HH 

8.4 

0.1 

-12.9 

-12.9 -34.4 

-15 ..1 -14.7 -32.1 

-11.4 -11.3 

19.2 

0.1 

-12.9 

-12.9 -34.7 

-16.9 -14.5 -32.9 

-22.0 -21.5 

30.0 

0.1 

-13.0 

-13.0 -35.1 

-20.4 -14.3-33.6 

-29.4 -28.1 

40.9 

0.1 

-13.1 

-13.2 -35.7 

-26,0 -14.0 -34.6 

-36.3 -33.7 

51.8 

0.1 

-13.3 

-13.4 -36.6 

-27.8 -13.9 -36.0 

-44.1 -39,4 

62.7 

0.1 

-13.8 

-13.8 -37.6 

-27.5 -14.1 -38.0 

-55.0 -46.4 

73.6 

0.1 

-14.7 

-14.8 -39-2 

-38.1 -15.6 -41.1 

-80.4 -57.4 

84.5 

0.1 

-18.3 

-18.4 -44.2 

-33.9 -27.0 -49.6 

-94.3 -87.8 
* 




BACKSCATTER COMPONENTS IN DECIBELS 

ANGLE 



■VOLUME 

—INTERACTION 

—SURFACE— 

(DEG) 

ksigma 

W 

HH VH 

W HH VH 

W HH 

8.4 

0.2 

-12.9 

-12.9 -34.4 

-15.3 -14.8 -30.2 

-5.6 -5.5 

19.2 

0.2 

-12.9 

-12.9 “34.7 

-17.0 -14.6 -31.6 

-16.0 -15.5 

30.0 

0.2 

-13.0 

-13.0-35 .1 

-20.5 -14.4 -32.5 

-23.4 -22.1 

40.9 

0.2 

-13.1 

-13.2 -35.7 

-26.0 -14.1 -33.4 

-30.3 -27.7 

51.8 

0.2 

-13.3 

-13.4 -36,6 

r27 .8 -13-9 -34.8 

-38.1 -33.4 

62.7 

0.2 

-13.8 

-13.8 -37.6 

-27.5 -14.1 -36.9 

-49.0 -40.4 

73.6 

0.2 

-14.7 

-14.8 -39.2 

-38.0 -15.7 -40.2 

-74.4 -51.4 

84.5 

0.2 

-18.3 

-18.4 -44.2 

-33.9 -27.0 -49.1 

-88.3 -81.7 




BACKSCATTER COMPONENTS IN DECIBELS 

ANGLE 



■VOLUME 

—INTERACTION 

—SURFACE— 

(DEG) 

ksigma 

W 

HH VH 

W HH VH 

W HH 

8.4 

0.3 

-12.9 

-12.9 -34.4 

-15.5 -15.0 -28.3 

"2,5 -2.4 

19.2 

0.3 

-12.9 

-12.9 -34.7 

”17.1-14.8 -30.2 

-12.7 -12.1 

30.0 

0.3 

-13.0 

-13.0 -35.1 

-20.5 -14.5 -31.2 

-19.9 -18.6 

40.9 

0.3 

-13.1 

-13.2 -35.7 

-25.9 -14.2 -32.0 

-26.8 -24.2 

51.8 

0.3 

-13.3 

-13.4 -36,6 

-27.8 -14.0 -33.4 

-34.5 -29.9 

62.7 

0.3 

-13.8 

-13.8 -37.6 

-27.6 -14*2 -35.6 

-45.4 -36.9 

73.6 

0.3 

-14.7 

-14.8 -39.2 

-37.8 -15.7 -39.2 

-70,9 -47.8 

84.5 

0.3 

-18.3 

-18.4 -44.2 

-33.9 -26.9 -48.5 

-84 .8 -73.2 




BACKSCATTER COMPONENTS IN DECIBELS 

ANGLE 



-VOLUME—— 

INTERACTION 

—SURFACE— 

(DEG) 

ksigma 

_W 

HH . VH 

W HH VH 

W HH 

8.4 

0.4 

-12.9 

-12.9 -34.4 

-15.8 -15.3 -26.9 

-0.6 -0.5 

19.2 

0.4 

-12.9 

-12.9 -34.7 

-17.3-15.0 -28.9 

-10.4 -9.9 

30.0 

0.4 

-13.0 

-13.0 -35.1 

-20.6 -14.7 -29.9 

“17.5 '16.2 

40.9 

0.4 

-13.1 

-13.2 -35.7 

-25.7 -14.4 -30.7 

-24.3 -21.7 

51.8 

0.4 

-13.3 

-13.4 -36.6 

-27.8 -14.2 -32.0 

-32.1 -27.4 

62.7 

0.4 

-13.8 

-13.8 -37.6 

-27.7 -14.3-34.2 

-43.0 -34.4 

73.6 

0.4 

-14.7 

-14.8 -39.2 

-37.6 -15.7 -38.0 

-68.4 -45.3 

84.5 

0.4 

-18.3 

-18.4 -44.2 

-33.9 -26.9 -47.8 

-82.3 -75.7 
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FOR AIL CASES: SURFACE DIELECTRIC = 15 - jO, kL = 7 
OPTICAL DEPTH (TAU) =0.2, ALBEDO a 0.2 


BACKSCATTER COMPONENTS IN DECIBELS 


ANGLE — VOLUME— 


(DEG) 

ksigma 

W 

HH 

VH 

8-4 

0.6 

-12.9 

-12. 

9 

-34.4 

19.2 

0.6 

-12.9 

-12. 

9 

-34.7 

30-0 

0.6 

-13.0 

-13. 

0 

-35.1 

40.9 

0.6 

-13.1 

-13. 

2 

-35.7 

51.8 

0.6 

-13.3 

-13. 

4 

-36.6 

62.7 

0.6 

-13-8 

-13. 

8 

-37-6 

73.6 

0.6 

-14,7 

-14. 

8 

-39.2 

84.5 

0.6 

-18.3 

-18. 

4 

-44.2 


INTERACTION 

—SURFACE— 

W HH VH 

W 

HH 

-16.5 -16.1 -25.0 

1.2 

1.3 

-17.9 -15.7 -26.9 

-7.5 

-7.0 

-20.8 -15.3 -27.9 

-14.3 -13.0 

-25.4 -14.9 -28.6 

-20.9 -18,3 

-27-7 -14.6 -29.8 

-28.6 -23.9 

-27.9 -14.6 -32.0 

-39.5 -30.9 

-37.1 -15.9 -35.9 

-64.9 -41.8 

-33.9 -26.9 -46.3 

.-78.8 -72.2 


ANGLE 

(DEG} 

ksigma 

W 

BACKSCATTER COMPONENTS IN DECIBELS 

-VOLUME INTERACTION— —SURFACE— 

HH VH W HH VH W HH 

8.4 

0.7 

-12.9 

-12.9 -34.4 

-16.9 -16.5 -24.5 

1.4 1.5 

19.2 

0.7 

-12.9 

-12.9 -34.7- 

-18.2 -16.0 -26.2 

-6.6 -6.1 

30 .0 

0.7 

-13.0 

-13.0 -35.1 

-21.0 -15.6 -27.1 

-13.1 -11.8 

40.9 

0.7 

-13.1 

-13.2 -35.7 

-25.2 -15.2 -27.7 

-19.7 -17.1. 

51.8 

0.7 

-13.3 

-13.4 -36.6 

-. 21 .1 -14.8 -28.9 

-27.3 -22.6 

62.7 

0.7 

-13.8 

-13.8 -37.6 

-28.0 -14,8 -31.0 

-38.1 -29.6 

73.6 

0.7 

-14.7 

-14.8 -39.2 

-36.9 “16.0 -34.9 

-63.6 -40.5 

84.5 

0.7 

-18.3 

-18.4 -44.2 

-33.9 -26.9 -45.6 

-77.4 -70.8 


ANGLE 



BACKSCATTER COMPONENTS IN DECIBELS 
•VOLUME INTERACTION— —SURFACE— 

(DEO) ksigma 

W 

HH VH 

W HH 

VH 

W HH 

8.4 

0.8 

-12.9 

-12.9 -34.4 

-.17.3 -16.9 

-24.2 

1.4 1.4 

19.2 

0.8 

-12.9 

-12.9 -34.7 

-18.5 -16.4 

-25.7 

-6.0 -5.5 

30.0 

0.8 

-13.0 

-13.0 -35.1 

-21.1 -15.9 

-26.4 

-12.2 -10.9 

40.9 

0.8 

-13.1 

-13.2 -35.7 

-25.1 -15.5 

-27.1 

-18.6 -16.0 

51.8 

0.8 

-13.3 

-13.4 -36.6 

-27.6 -15.1 

-28.2 

-26.2 -21.5 

62.7 

0.8 

-13.8 

-13.8 -37.6 

-28.2 -15.1 

-30.2 

-37.0 -28.4 

73.6 

0.8 

-14.7 

-14.8 -39.2 

-36.6 -16.1 

-34.1 

-62.4 -39.3 

84.5 

0.8 

-18.3 

-18.4 -44.2 

-33.9 “26.9 

-44.9 

-76.2 -69.7 


ANGLE 

(DEG) 

icsigma 

W 

BACKSCATTER COMPONENTS IN DECIBELS 

-VOLUiJF.-'— INTERACTION— —SURFACE— 

HH VH W HH VH W HH 

B.4 

0.9 

-12.9 

-12.9 -34.4 

“17.7 -17.4 -24.0 

1.0 1.1 

19.2 

0.9 

-12.9 

-12.9 -34.7 

-18.9 -16.8 -25.3 

-5.7 -5.1 

30.0 

0.9 

-13.0 

-13.0 “35.1 

-21.3 -16.3 -25,9 

-11.6 -10.2 

40.9 

0.9 

-13.1 

-13.2 -35.7 

-24.9 -15.8 -26.5 

-17.7 -15.2 

51.8 

0.9 

-13.3 

-13.4 »3 6.6 

-27.5 -15.4 -27.5 

-25.2 -20.6 

62.7 

0.9 

-13.8 

-13.6 -37.6 

-28.3 -15.3 -29.5 

-36.0 -27.4 

73.6 

0.9 

-14.7 

-14.8 -39.2 

-36.4 -16.2 -33.4 

-61.4 -38.3 

84.5 

0.9 

-18.3 

— 18.4 “4*0: - 

»33 ,9 -26.8 -44.2 

-75.2 -68.7 
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NORMALIZED SIGMAO (dB) 




SMALL PERTURBATION APPROXIMATION 


0 kslgma 
x kslgma 
A kslgma 
□ kslgma 
A kslgma 
X kslgma 


0.3 kL 
0.3 kL 
0.2 kL 
0.2 kL 
0.15 kL 
0.15 kL 


Computed normalized backscattering using the small 
perturbation approximation as a function of 
(a) incidence angle, (b) k a, and (c) kL under 
various conditions. 


INCIDENCE ANGLE (Degrees) 




iMUL V 



.SMALL PERTURBATION APPROXIMATION 



0.10 . 0.15 0.20 0.25 

k sigma 

Figure C. 1(b) 






NORMALIZED SIGMAO (dB) 






NORMALIZED SIGMAO (dB) 




NORMALIZED SIGMAO (da) 



Figure C.3 Computed normalized backscattering using the scalar 
approximation as a function of' (a) incidence angle, 
(b) kc, and (c) kL under various conditions. 
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KIRCHHOFF - SCALAR APPROXIMATION 


ANGLE *= 20 & k sigma 
ANGLE ** 20° k stoma 




INCIDENCE ANGLE (Deg) 


Figure C.4 


Computed Fresnel reflectivity as a function of 
(a) incidence angle, (b) and <c) loss tangent (tan 6) 
under various conditions. 
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FRESNEL REFLECTIVITY 





INCIDENCE AN&LE (Degrees) 


Figure C.5 Computed volume backscatterlng as a function of (a) 
incidence angle, (b) optical thickness (t), and (c) 
albedo (w) under various conditions. 
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X- ; ANGLE 
a - ANGLE 
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SURFACE-VOLUME 
INTERACTION BACKSCATTER 


TAU 


0.2 

Albedo 


0.2 

TAU 

*3 

0.2 

Albedo 

m 

0.4 

TAU 

n 

l.B 

Albedo 

m 

0,2 

TAU 

•at 

l.B 

Albedo 

m 

0,4 


-70 

(— 

k* 

, r 

■ 

_i_ [ i ! i 1 i L i L. i t t . _ I i 

-70 |] 

n 

oU 

c 

) 10 

-ou u 

20 30 40 . 50 BO 70 80 SO 

INCIDENCE ANGLE (Degrees) n 

■ . ' , ‘ ' ' ' j . 

Figure I 

Co6 

♦ 

Computed surface-volume interaction backscattering ? 

as a function of (a) incidence angle, (b) optical ^ 

thickness (t), (c) albedo' (w), and (d) ka under 
various conditions. f~ 
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SURFACE-VOLUME 
INTERACTION BACKSCATTER 








TAU « 0.2 • Albedo - 0. 
Soil Dielectric 
©- ANGLE ~ 18.2 
x- ANGLE » 40.9 
A- ANGLE *** 62.7 


kL - 7 
15 


HH Pol 
YV Pol 
VH Pol 







